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1 Preface
This document is a complement to EPFL Ph.D. thesis number 7501 entitled Ultra low
cycle fatigue of welded steel joints under multiaxial loading. It consists of an expansion
of the annexes presented in that thesis to include detailed information on each test and
simulation therein discussed. It also provides the UMAT code developed for an extension
of the Gologanu-Leblond-Devaux model to kinematic hardening which was used in the
simulation of single notched and double notched specimens.
Referencing in these annexes is consistent with that of thesis and thus can be used as a
companion volume for that document.
The code and data presented in this document is available upon request to the authors.
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A UMAT
A.1 Cyclic GLD yield function and defining parameters
The cyclic yield function and defining parameters were adapted from [Benzerga and Leblond, 2010].
f is the porosity and w is the aspect ratio of spheroidal void with principal axis n3. w < 1
are oblate voids. w > 1 are prolate voids. S = lnw.
φGLD (Σ,A, σy, f, w,Υ) = C
‖Σ′ −A′ + ηΣhQ‖2
σ2y
+
2q (g + 1) (g + f) cosh
(
k
(Σ−A) : X
σy
)
−
(g + 1)2 − q2 (g + f)2 (A.1)
with, Σh = (Σ−A) : X
g = 0 (w > 1) , g = f
(
1− w2) 32
w
(w < 1) (A.2)
e1 and e2 are defined as the eccentricities of the void and the representative volume element
of the GLD, respectively. Numerical implementations of e2 can be done with approximate
closed form solutions but they are generally numerically unstable for prolate voids. In this
UMAT implementation e2 is determined by a numerical root finding algorithm using Halley’s
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method.
e1 =

√
1− exp (−2S) , (w > 1)√
1− exp (2S) , (w < 1)
;
(
1− e22
)n
e32
= 1
f
(
1− e21
)n
e31
; n =
1 , (w > 1)1
2 , (w < 1)
(A.3)
k =

[
1√
3 +
1
ln f
((√
3− 2) ln e1e2)]−1 , (w > 1)
3
2
[
1 + (gf−g1)+
4
5 (g
5/2
f
−g5/21 )− 35 (g5f−g51)
ln
gf
g1
]−1
, (w < 1)
(A.4)
gf =
g
g + f , g1 =
g
g + 1 (A.5)
α1 =

[e1−(1−e21)tanh−1e1]
2e31
, (w > 1)[
−e1(1−e21)+
√
1−e21sin−1e1
]
2e31
, (w < 1)
(A.6)
α2 =

1+e22
(1+e22)2+2(1−e22) , (w > 1)
(1−e22)(1−2e22)
(1−2e22)2+2(1−e22) , (w < 1)
(A.7)
αG1 =

1
3−e21 , (w > 1)
1−e21
3−2e21 , (w < 1)
(A.8)
H∗ = 2(α1 − α2) ; Q∗ = 1− f ; sh = sinh(kH∗) ; ch = cosh(kH∗) (A.9)
η = −23
kQ∗(g + 1)(g + f)sh
(g + 1)2 + (g + f)2 + (g + 1)(g + f)[kH∗sh− 2ch] (A.10)
C = −23
k(g + 1)(g + f)sh
(Q∗ + 32ηH∗)η
(A.11)
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A.2 TBL yield function and defining parameters
Yield function and defining parameters can be found in [Torki et al., 2015].
φTBL,mod =

(|Σ33|−tΣsurf)2
b2(Σvol)2 + 4
Σ231+Σ
2
32
l2τ2 − 1 , | Σ33 |≥ Σsurf
4Σ
2
31+Σ
2
32
l2τ2 − 1 , | Σ33 |≤ Σsurf
(A.12)
with, Σvol, Σsurf
Σvol = σy√
3
[
2−
√
1 + 3χ4TBL ln
1 +
√
1 + 3χ4TBL
3χ2TBL
]
(A.13)
Σsurf = σy
3
√
3
χ3TBL − 3χTBL + 2
χTBLwTBL
(A.14)
τ = 2σy√
3
(
1− χ2TBL
)
(A.15)
χTBL =
RTBL
LTBL
, wTBL =
hTBL
RTBL
, λTBL =
HTBL
LTBL
(A.16)
t = (t0 + t1χTBL)wTBL1 + (t0 + t1χTBL)wTBL
(A.17)
TBL parameter values in the UMAT are set as follows: t0 = −0.84,t1 = 12.9,b = 0.9,l = 1.0
A.3 Derivatives in return mapping algorithm
∂RE
p
ij
∂Akl
= λ ∂
2φGLD
∂Σij∂Akl
;
∂RE
p
ij
∂σy
= λ ∂
2φGLD
∂Σij∂σy
(A.18)
∂RE
p
ij
∂f
= λ∂
2φGLD
∂Σij∂f
;
∂RE
p
ij
∂w
= λ∂
2φGLD
∂Σij∂w
(A.19)
Σh = (Σ−A) : X ; Σ′kl = Σkl − 13Σmmδkl ; ∂Σ′kl/∂Σij = δikδjl − 13δijδkl
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∂φGLD
∂Σij
= 3C
σ2y
{
(Σ′kl −A′kl + ηΣhQkl −
1
3(Σ
′
mm −A′mm + ηΣhQmm)δkl)
[δikδjl − 13δijδkl + ηXijQkl −
1
3δklXijQmm]
}
+
2q(g + 1)(g + f)sinh
(
k
Σh
σy
)
k
σy
Xij (A.20)
∂2φGLD
∂Σij∂Σkl
= 3C
σ2y
{
[δimδjn +
1
3δijδmn + ηXijQmn −
1
3δmnXijQoo]
[δkmδln +
1
3δklδmn + ηXklQmn −
1
3δmnXklQoo]
}
+
2q(g + 1)(g + f)cosh
(
k
Σh
σy
)
k2
σ2y
XijXkl (A.21)
∂φGLD
∂Aij
= −3C
σ2y
{
(Σ′kl −A′kl + ηΣhQkl −
1
3(Σ
′
mm −A′mm + ηΣhQmm)δkl)
[δikδjl − 13δijδkl + ηXijQkl −
1
3δklXijQmm]
}
−
2q(g + 1)(g + f)sinh
(
k
Σh
σy
)
k
σy
Xij (A.22)
∂2φGLD
∂Σij∂Akl
= −3C
σ2y
{
[δimδjn +
1
3δijδmn + ηXijQmn −
1
3δmnXijQoo]
[δkmδln +
1
3δklδmn + ηXklQmn −
1
3δmnXklQoo]
}
−
2q(g + 1)(g + f)cosh
(
k
Σh
σy
)
k2
σ2y
XijXkl (A.23)
∂φGLD
∂σy
= −2C ‖Σ
′ −A′ + ηΣhQ‖2
σ3y
− 2q(g + 1)(g + f)kΣh
σ2y
sinh
(
k
Σh
σy
)
(A.24)
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∂2φGLD
∂Σij∂σy
= −6C
σ3y
{
(Σ′kl −A′kl + ηΣhQkl −
1
3(Σ
′
mm −A′mm + ηΣhQmm)δkl)
[δikδjl − 13δijδkl + ηXijQkl −
1
3δklXijQmm]
}
−
2q(g + 1)(g + f)kXij
[
kΣh
σ3y
cosh
(
k
Σh
σy
)
+ 1
σ2y
sinh
(
k
Σh
σy
)]
(A.25)
Since there are a great deal of coeficients on φGLD that depend on f and w, numerical
estimates using a complex step derivative approximation [Martins et al., 2003] were used for
the derivatives in Eq. A.26.
∂φGLD
∂f
; ∂φ
GLD
∂w
; ∂
2φGLD
∂Σij∂f
; ∂
2φGLD
∂Σij∂w
(A.26)
∂Aij,k
∂λ
=
(
Ck
Σij −Aij
σy
− γkAij,k
)
χ (A.27)
∂σy
∂λ
= nK
(
Epeq
)n−1
χ (A.28)
∂f
∂λ
= (1− f)∂φ
GLD
∂Σkk
(A.29)
∂S
∂λ
= Z :
[
(1 + kwkfkτ )
∂φ
∂Σ +
(
1
f itn+1
Xv −X
)
∂φ
∂Σkk
]
(A.30)
∂Scyclic
∂λ
=

∂S
∂λ ,
∂φ
∂Σkk > 0
%∂S∂λ ,
∂φ
∂Σkk ≤ 0
(A.31)
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∂w
∂λ
= ∂w
∂Scyclic
∂Scyclic
∂λ
= w∂S
cyclic
∂λ
(A.32)
A.4 Code
1 C
2 C
3 C This is the final version of the UMAT
4 C for the extension of the GLD model to Kinematic hardening
5 C presented in Chapter 5 of the thesis
6 C
7 C Copyright (c) <2017>, <Albano de Castro e Sousa and Alain Nussbaumer>
8 C All rights reserved.
9 C
10 C Redistribution and use in source and binary forms, with or without
11 C modification, are permitted provided that the following conditions are met:
12 C * Redistributions of source code must retain the above copyright
13 C notice, this list of conditions and the following disclaimer.
14 C * Redistributions in binary form must reproduce the above copyright
15 C notice, this list of conditions and the following disclaimer in the
16 C documentation and/or other materials provided with the distribution.
17 C * Neither the name of the <organization> nor the
18 C names of its contributors may be used to endorse or promote products
19 C derived from this software without specific prior written permission.
20 C
21 c THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS
22 c "AS IS" AND ANY EXPRESS OR IMPLIED WARRANTIES, INCLUDING, BUT NOT
23 c LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS
24 c FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL
25 c <Albano de Castro e Sousa and Alain Nussbaumer> BE LIABLE FOR ANY DIRECT, INDIRECT,
26 c INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL DAMAGES
27 C (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS
28 c OR SERVICES;LOSS OF USE, DATA, OR PROFITS; OR BUSINESS INTERRUPTION)
29 c HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN CONTRACT,
30 c STRICT LIABILITY, OR TORT(INCLUDING NEGLIGENCE OR OTHERWISE) ARISING
31 c IN ANY WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE
32 c POSSIBILITY OF SUCH DAMAGE.
33 C
34 C NOTIFICATION OF COMMERCIAL USE
35 C * Commercialization of this product is prohibited without notifying
36 C <Albano de Castro e Sousa and Alain Nussbaumer>.
37 C
38 C Lausanne, February 24th, 2017 Albano de Castro e Sousa
39 C Alain Nussbaumer
40 C
41 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
42 C Material input parameters (props):
43 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
44 C
45 C Young’s modulus (Emod): props(1)
46 C Poison’s coeficient (nu): props(2)
47 C Initial yield stress (sy0): props(3)
48 C q parameter in GLD (q_): props(4)
49 C Initial void volume ratio (fi0): props(5)
50 C Initial void aspect ratio (wi0): props(6)
51 C Initial void ligament ratio (chiTBL_0): props(7)
52 C Heuristic cyclic w evolution law parameter(varrho): props(8)
53 C Initial void orientation:
54 C n1(1)=props(9)
55 c n1(2)=props(10)
56 c n1(3)=props(11)
57 c n2(1)=props(12)
58 c n2(2)=props(13)
59 c n2(3)=props(14)
60 c n3(1)=props(15)
61 c n3(2)=props(16)
62 c n3(3)=props(17)
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63 C Isotropic hardening parameter (K_iso): props(18)
64 C Isotropic hardening exponent (n_iso): props(19)
65 C Number of backstresses (n_back): props(20)
66 C Backstress coefficients in Chaboche model:
67 C In pairs one backstress (k) after the other until n_back:
68 C C_k:props(21+2*(k-1))
69 C gamma_k:props(22+2*(k-1))
70 C
71 C
72 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
73 C Output in STATEV:
74 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
75 C
76 C Storage convention for tensors over three indices:
77 C - Symmetric 2nd order - 6 component vector: 11,22,33,12,13,23
78 C - General 2nd order - 9 component vector:
79 C 11,22,33,12,13,23,21,31,32
80 C
81 C Current state of void volume ratio (f): STATEV(1)
82 C Current state of void aspect ratio (w): STATEV(2)
83 C Current state of equivalent plastic strain (peeq): STATEV(3)
84 C Current state of angle between n3 and n3_0 (\eta_v) : STATEV(4)
85 C Current state of Total strain(TE): STATEV(5:10)
86 C Current state of Total backstress(alpha): STATEV(11:16)
87 C Current state of Plastic strain: STATEV(17:22)
88 C Current state of void orientation (\Upsilon): STATEV(23:31)
89 C Current state of material orientation (\Lambda): STATEV(32:40)
90 C Current state of k’th backstress orientation:
91 C STATEV(41+6*(k-1):41+6*(k-1)+5)
92 C Current state of phiTBL: STATEV(41+6*(nBack-1)+6)
93 C
94
95
96 subroutine UMAT(
97 C Write only -
98 1 STRESS,STATEV,DDSDDE,SSE,SPD,SCD,
99 C Read only -
100 1 RPL,DDSDDT,DRPLDE,DRPLDT,STRAN,DSTRAN,
101 2 TEME,DTIME,TEMP,DTEMP,PREDEF,DPRED,MATERL,NDI,NSHR,NTENS,
102 3 NSTATV,props,NPROPS,COORDS,DROT,PNEWDT,CELENT,
103 4 DFGRD0,DFGRD1,NOEL,NPT,KSLAY,KSPT,KSTEP,KINC)
104 C
105 C
106 C All arrays dimensioned by (*) are not used in this algorithm
107 INCLUDE ’ABA_PARAM_sp.INC’
108 C
109 CHARACTER*80 MATERL
110 INTEGER NDI,NSHR,NTENS,NSTATV,NPROPS,NOEL,NPT,KSLAY,
111 2 KSPT,KSTEP,KINC
112 REAL *8 STRESS(NTENS),STATEV(NSTATV),
113 1 DDSDDE(NTENS,NTENS),DDSDDT(NTENS),DRPLDE(NTENS),
114 2 STRAN(NTENS),DSTRAN(NTENS),TEME(2),PREDEF(1),DPRED(1),
115 3 props(NPROPS),COORDS(3),DROT(3,3),
116 4 DFGRD0(3,3),DFGRD1(3,3),
117 5 SSE,SPD,SCD,RPL,DRPLDT,DTIME,TEMP,DTEMP,PNEWDT,CELENT
118 C
119 external gtBack,GLD,gtObQ,getAlp,Mdot6,rot2ndTen,vtt,ttv,Mdot3
120 C
121 C
122 real(8) sigma(6),S_red(6,6),C(6,6),backStresses(props(20),6),
123 1 backStressCoef(props(20),2),n1_(3),n2_(3),n3_(3),
124 1 plStrain_n1k(6),plStrain_n(6),dSigma(6),strInc(6),
125 1 algStiff(6,6),Spin(3,3),RotRate(3,3),Rot1(3,3),
126 1 velGrad(3,3),vecD(6),velGradT(3,3),sigma_i(6),sigmaVoid(3,3),
127 1 vecD_aux(3,3),rotTensor0(3,3),rotTensorMid(3,3),rotTensor1(3,3),
128 1 DROT_T(3,3),auxStressMat(3,3),auxStressMat2(3,3),
129 1 relRotTen1(3,3),
130 1 relRotTenMid(3,3),TE_n1(6),PE_n1(6),TE_n(6),PE_n(6),vAux3(3),
131 1 vAux6(6),ALPHA_N(6),EE_n1(6)
132
133 real (8) Emod,nu,f,w,sy,q_,normResi,
134 1 aux11,aux12,aux13,aux21,aux22,aux23,largeNo,fi0,wi0
135 C
136 real(8) one,two,three,twoThirds,half,four,zero
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137 integer(8) elCount,k_,stBackSt,stRot,stVoid,stTE,stAl,stPE,i,j,
138 1 nel1,nel2,nBack
139
140 real(8) alpha(6),phi,T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,X(3,3),
141 1 Q(3,3),Tvm,Xv(3,3),sy0,K_iso,n_iso,peeq,
142 3 sh_x,sigma_dev(6),alpha_dev(6),dpeeq,ElasStr(6),eta_angle,phiTBL,
143 4 chiTBL_0,varrho
144
145 C write(*,*) ""
146 C write(*,*) "And so it is..."
147 C write(*,*) ""
148 C
149
150 zero=0.0D0
151 one=1.0D0
152 two=2.0D0
153 three=3.0D0
154 four=4.0D0
155 twoThirds=two/three
156 half=one/two
157
158 largeNo=1.0D38
159
160 do 29, i=1,3
161 do 30, j=1,3
162 sigmaVoid(i,j)=zero
163 Rot1(i,j)=zero
164 rotTensor0(i,j)=zero
165 30 continue
166 29 continue
167
168 do 31, i=1,6
169
170 dSigma=zero
171 ElasStr=zero
172
173 31 continue
174
175 stTE=5
176
177 stAl=11
178
179 stPE=17
180
181 stVoid=23
182
183 stRot=32
184
185 stBackSt=41
186
187 C
188 Emod=props(1)
189 nu=props(2)
190 sy0=props(3)
191 q_=props(4)
192
193 K_iso=props(18)
194 n_iso=props(19)
195 nBack=props(20)
196
197 fi0=props(5)
198 wi0=props(6)
199
200 chiTBL_0=props(7)
201 varrho=props(8)
202
203 if ((KSTEP.eq.one).and.( KINC .eq. one)) then
204
205 rotTensor0(1,1)=one
206 rotTensor0(2,2)=one
207 rotTensor0(3,3)=one
208
209 do 156, i=1,NSTATV
210
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211 STATEV(i)=zero
212
213 156 continue
214
215 STATEV(1)=props(5)
216 STATEV(2)=props(6)
217
218
219 n1_(1)=props(9)
220 n1_(2)=props(10)
221 n1_(3)=props(11)
222 n2_(1)=props(12)
223 n2_(2)=props(13)
224 n2_(3)=props(14)
225 n3_(1)=props(15)
226 n3_(2)=props(16)
227 n3_(3)=props(17)
228
229
230 else
231
232
233
234 rotTensor0(1,1)=STATEV(stRot)
235 rotTensor0(2,2)=STATEV(stRot+1)
236 rotTensor0(3,3)=STATEV(stRot+2)
237 rotTensor0(1,2)=STATEV(stRot+3)
238 rotTensor0(1,3)=STATEV(stRot+4)
239 rotTensor0(2,3)=STATEV(stRot+5)
240 rotTensor0(2,1)=STATEV(stRot+6)
241 rotTensor0(3,1)=STATEV(stRot+7)
242 rotTensor0(3,2)=STATEV(stRot+8)
243
244
245
246 n1_(1)=STATEV(stVoid)
247 n1_(2)=STATEV(stVoid+1)
248 n1_(3)=STATEV(stVoid+2)
249 n2_(1)=STATEV(stVoid+3)
250 n2_(2)=STATEV(stVoid+4)
251 n2_(3)=STATEV(stVoid+5)
252 n3_(1)=STATEV(stVoid+6)
253 n3_(2)=STATEV(stVoid+7)
254 n3_(3)=STATEV(stVoid+8)
255
256
257 end if
258
259
260
261 do 23, i=1,nBack
262
263 backStressCoef(i,1)=props(21+2*(i-1))
264 backStressCoef(i,2)=props(22+2*(i-1))
265
266 23 continue
267 C
268 C
269 C
270 data S_red /36*0.0D0/
271
272 lameLamb=Emod*nu/((one+nu)*(one-two*nu))
273 miu=Emod/(two*(one+nu))
274 C
275 aux11=-lameLamb/(two*miu*(three*lameLamb+two*miu))
276 aux12=one/(four*miu)
277 C
278 S_red(1,1)=aux11+aux12*two
279 S_red(2,2)=aux11+aux12*two
280 S_red(3,3)=aux11+aux12*two
281 S_red(4,4)=aux12
282 S_red(5,5)=aux12
283 S_red(6,6)=aux12
284 S_red(1,2)=aux11
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285 S_red(2,1)=aux11
286 S_red(1,3)=aux11
287 S_red(3,1)=aux11
288 S_red(2,3)=aux11
289 S_red(3,2)=aux11
290 C
291 data C /36*0.0D0/
292 C
293 C(1,1)=lameLamb+miu*two
294 C(2,2)=lameLamb+miu*two
295 C(3,3)=lameLamb+miu*two
296 C(4,4)=miu
297 C(5,5)=miu
298 C(6,6)=miu
299 C(1,2)=lameLamb
300 C(2,1)=lameLamb
301 C(1,3)=lameLamb
302 C(3,1)=lameLamb
303 C(2,3)=lameLamb
304 C(3,2)=lameLamb
305 C
306 normResi=0.0D0
307 C
308 dpeeq=0.0D0
309
310
311 C
312 C
313 C
314
315 C
316 C
317 C Neutralize Abaqus rotation
318 C
319
320 C
321 call transp(DROT,DROT_T,3)
322
323 call vtt(STRESS,auxStressMat)
324
325 C Rotate by the transpose on the left to put back in the initial configuration
326
327 call rot2ndTen(DROT_T,auxStressMat,auxStressMat2)
328
329 call ttv(auxStressMat2,sigma_i)
330
331 C
332 C
333 C End of neutralization
334 C
335 C
336 C
337 C
338 C
339 C Determine incremental rotation tensor
340 C depending on the objective stress rate,
341 C according to the mid point rule (alpha=0.5)
342
343
344
345
346 call gtObQ(DFGRD0,DFGRD1,Spin,RotRate,velGrad,DTIME,Rot1,
347 1 rotTensor0,rotTensorMid,rotTensor1,relRotTen1,relRotTenMid,
348 1 strInc)
349
350
351 C
352 C
353 C Section using Abaqus variables
354 C
355 C Something to be careful with: DSTRAN(4:6) are engineering strains!
356 C
357 c strInc=DSTRAN
358
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359 c sigma_i=STRESS
360
361
362 C End of section to use abaqus variables
363
364
365
366
367 f=STATEV(1)
368 w=STATEV(2)
369 peeq=STATEV(3)
370
371 sy=sy0+K_iso*peeq**n_iso
372 C
373 TE_n=STATEV(stTE:stTE+5)
374 ALPHA_N=STATEV(stAl:stAl+5)
375 plStrain_n=STATEV(stPE:stPE+5)
376 C
377 do 10, k_=1,nBack
378 backStresses(k_,1:6)=STATEV(6*(k_-1)+stBackSt:6*(k_-1)+
379 1 stBackSt+5)
380 10 continue
381
382
383
384 C
385 C
386 C
387 C Rotate stress, strain and internal
388 C variables(backstresses,void orientation)
389 C according to chosen objective stress rate
390
391 C Stress
392
393 call vtt(sigma_i,auxStressMat)
394
395 call rot2ndTen(relRotTen1,auxStressMat,auxStressMat2)
396
397 call ttv(auxStressMat2,sigma_i)
398
399 call Mdot6(C,strInc,dSigma)
400 C
401 sigma=sigma_i+dSigma
402 C
403
404
405 C Strains
406 C
407 C
408 vAux6=TE_n
409 vAux6(4:6)=vAux6(4:6)/two
410
411 call vtt(vAux6,auxStressMat)
412
413 call rot2ndTen(relRotTen1,auxStressMat,auxStressMat2)
414
415 call ttv(auxStressMat2,vAux6)
416
417 vAux6(4:6)=vAux6(4:6)*two
418
419 TE_n=vAux6
420
421
422 vAux6=plStrain_n
423 vAux6(4:6)=vAux6(4:6)/two
424
425 call vtt(vAux6,auxStressMat)
426
427 call rot2ndTen(relRotTen1,auxStressMat,auxStressMat2)
428
429 call ttv(auxStressMat2,vAux6)
430
431 vAux6(4:6)=vAux6(4:6)*two
432
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433 plStrain_n=vAux6
434
435 C
436 plStrain_n1k=plStrain_n*one
437
438 C
439
440
441
442
443 C Backstresses
444
445 C
446 do 27, k_=1,nBack
447
448 call vtt(backStresses(k_,1:6),auxStressMat)
449
450 call rot2ndTen(relRotTen1,auxStressMat,auxStressMat2)
451
452 call ttv(auxStressMat2,backStresses(k_,1:6))
453
454 27 continue
455
456
457 C
458 call getAlp(backStresses,alpha,nBack)
459
460 ALPHA_N=alpha
461
462
463
464 C
465 C
466 C Void orientation
467
468
469 call Mdot3(relRotTen1,n1_,vAux3)
470
471 n1_=vAux3
472
473 call Mdot3(relRotTen1,n2_,vAux3)
474
475 n2_=vAux3
476
477 call Mdot3(relRotTen1,n3_,vAux3)
478
479 n3_=vAux3
480
481
482
483
484
485 call GLD(
486 C Input variables
487 2 sigma,alpha,f,w,sy,q_,n1_,n2_,n3_,
488 C Ouput variables
489 2 phi,T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,X,Q,Tvm,
490 3 sh_x,sigma_dev,alpha_dev,Xv,KINC)
491 C
492 algStiff=C
493 C
494 phiTBL=-1.0D0
495
496
497 if ( phi .ge. zero ) then
498
499 C
500
501
502 C
503 call gtBack(
504 1 sigma,S_red,backStresses,backStressCoef,n1_,n2_,n3_,
505 1 plStrain_n1k,plStrain_n,f,w,sy,q_,normResi,dpeeq,C,
506 1 algStiff,strInc,Spin,velGrad,RotRate,eta_angle,DTIME,vecD,
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507 1 sigma_i,rotTensor1,NOEL,KINC,K_iso,n_iso,peeq,nBack,PNEWDT,
508 1 fi0,varrho
509 1 )
510 C
511
512
513 call getAlp(backStresses,alpha,nBack)
514
515
516
517
518 end if
519
520 if (PNEWDT.eq.0.5) then
521
522 write(*,*) ""
523 write(*,*) "outside loop"
524 write(*,*) "NOEL=",NOEL
525 write(*,*) "KSTEP=",KSTEP
526 write(*,*) "KINC=",KINC
527 write(*,*) ""
528
529 write(*,*) "STRESS=",STRESS
530 write(*,*) "DFGRD0=",DFGRD0
531 write(*,*) "DFGRD1=",DFGRD1
532 write(*,*) "DSTRAN=",DSTRAN
533 write(*,*) "DROT=",DROT
534 write(*,*) "STATEV=",STATEV
535
536 write(*,*) ""
537 write(*,*) ""
538
539 endif
540
541 vAux6=sigma-alpha
542
543
544
545 call sgVoid(vAux6,rotTensor1,n1_,n2_,n3_,sigmaVoid)
546
547
548 C
549 call gtTBL(sigmaVoid,sy,fi0,wi0,f,w,phiTBL,chiTBL_0)
550
551 C write(*,*) "start statev saving"
552
553
554
555
556 C write(*,*) "NSTATV", NSTATV
557
558
559 C
560 c
561 C
562 STRESS=sigma
563
564 STATEV(1)=f
565 STATEV(2)=w
566 STATEV(3)=STATEV(3)+dpeeq
567
568
569 eta_angle=props(15)*n3_(1)+props(16)*n3_(2)+
570 1 props(17)*n3_(3)
571
572 c
573 if (abs(eta_angle).ge.one) then
574 eta_angle=zero
575 else
576 eta_angle=dacos(eta_angle)
577 endif
578
579
580
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581 c
582 STATEV(4)=eta_angle*180.0D0/3.14159265359D0
583
584
585 TE_n1=TE_n+strInc
586
587 STATEV(stTE:stTE+5)=TE_n1
588 STATEV(stAl:stAl+5)=alpha
589
590 STATEV(stPE:stPE+5)=plStrain_n1k
591 C
592 STATEV(stVoid)=n1_(1)
593 STATEV(stVoid+1)=n1_(2)
594 STATEV(stVoid+2)=n1_(3)
595 STATEV(stVoid+3)=n2_(1)
596 STATEV(stVoid+4)=n2_(2)
597 STATEV(stVoid+5)=n2_(3)
598 STATEV(stVoid+6)=n3_(1)
599 STATEV(stVoid+7)=n3_(2)
600 STATEV(stVoid+8)=n3_(3)
601
602
603
604 STATEV(stRot)=rotTensor1(1,1)
605 STATEV(stRot+1)=rotTensor1(2,2)
606 STATEV(stRot+2)=rotTensor1(3,3)
607 STATEV(stRot+3)=rotTensor1(1,2)
608 STATEV(stRot+4)=rotTensor1(1,3)
609 STATEV(stRot+5)=rotTensor1(2,3)
610 STATEV(stRot+6)=rotTensor1(2,1)
611 STATEV(stRot+7)=rotTensor1(3,1)
612 STATEV(stRot+8)=rotTensor1(3,2)
613
614
615 C
616
617 do 11, k_=1,nBack
618 STATEV(6*(k_-1)+stBackSt:6*(k_-1)+
619 1 stBackSt+5)=backStresses(k_,1:6)
620 11 continue
621
622
623
624
625 STATEV(6*(nBack-1)+
626 1 stBackSt+6)=phiTBL
627 C
628 C
629 DDSDDE=algStiff
630 C
631 C write(*,*) "End Umat"
632 C
633 C
634 157 return
635 end
636 C
637 C
638 C
639 C AUXILIARY SUBROUTINES
640 C
641 C
642 C
643 C
644 subroutine dirPro(n1_,Rmat,proj)
645 C
646 real(8) n1_(3),Rmat(3,3), proj, aux1(3)
647 C
648 aux1(1)=n1_(1)*Rmat(1,1)+n1_(2)*Rmat(1,2)+n1_(3)*Rmat(1,3)
649 aux1(2)=n1_(1)*Rmat(2,1)+n1_(2)*Rmat(2,2)+n1_(3)*Rmat(2,3)
650 aux1(3)=n1_(1)*Rmat(3,1)+n1_(2)*Rmat(3,2)+n1_(3)*Rmat(3,3)
651 C
652 proj=n1_(1)*aux1(1)+n1_(2)*aux1(2)+n1_(3)*aux1(3)
653 C
654 return
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655 end
656 C
657 subroutine outer(n1_,n2_,aux_e1)
658 implicit none
659 real(8) n1_(3),n2_(3),aux_e1(3,3)
660 C
661 aux_e1(1,1)=n1_(1)*n2_(1)
662 aux_e1(2,1)=n1_(2)*n2_(1)
663 aux_e1(3,1)=n1_(3)*n2_(1)
664 aux_e1(1,2)=n1_(1)*n2_(2)
665 aux_e1(2,2)=n1_(2)*n2_(2)
666 aux_e1(3,2)=n1_(3)*n2_(2)
667 aux_e1(1,3)=n1_(1)*n2_(3)
668 aux_e1(2,3)=n1_(2)*n2_(3)
669 aux_e1(3,3)=n1_(3)*n2_(3)
670 C
671 return
672 end
673 c
674 subroutine couter(n1_,n2_,aux_e1)
675 implicit none
676 complex(8) n1_(3),n2_(3),aux_e1(3,3)
677 C
678 aux_e1(1,1)=n1_(1)*n2_(1)
679 aux_e1(2,1)=n1_(2)*n2_(1)
680 aux_e1(3,1)=n1_(3)*n2_(1)
681 aux_e1(1,2)=n1_(1)*n2_(2)
682 aux_e1(2,2)=n1_(2)*n2_(2)
683 aux_e1(3,2)=n1_(3)*n2_(2)
684 aux_e1(1,3)=n1_(1)*n2_(3)
685 aux_e1(2,3)=n1_(2)*n2_(3)
686 aux_e1(3,3)=n1_(3)*n2_(3)
687 C
688 return
689 end
690 C
691 subroutine cdcosh(x_,res)
692 C
693 complex(8) x_,res
694 real(8) a,b,c,d
695 C
696 a=real(x_)
697 b=imag(x_)
698 c=cosh(a)*cos(b)
699 d=sinh(a)*sin(b)
700 C
701 C
702 res=dcmplx(c,d)
703 C
704 return
705 C
706 end
707 C
708 subroutine cdsinh(x_,res)
709 C
710 complex(8) x_,res
711 real(8) a,b,c,d
712 C
713 a=real(x_)
714 b=imag(x_)
715 c=sinh(a)*cos(b)
716 d=cosh(a)*sin(b)
717 C
718 C
719 res=dcmplx(c,d)
720 C
721 return
722 C
723 end
724 C
725 subroutine cdasin(x_,res)
726 C
727 complex(8) x_,res,i
728 real(8) one
17
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729 C
730 one=1.0D0
731 i=dcmplx(0.0,one)
732 C
733 C
734 res=-one*i*log(i*x_+sqrt(one-x_**2))
735 C
736 return
737 C
738 end
739 C
740 subroutine cdatanh(x_,res)
741 C
742 complex(8) x_,res
743 real(8) one,half
744 C
745 one=1.0D0
746 half=0.5D0
747 C
748 C
749 res=half*log((one+x_)/(one-x_))
750 C
751 return
752 C
753 end
754 C
755 subroutine getAlp(backStresses,alpha,nBack)
756 C
757 C
758 integer(8) k,i,nBack
759
760 real(8) backStresses(nBack,6),alpha(6)
761 C
762 C
763 do 11, i=1,6
764 alpha(i)=0.0D0
765 11 continue
766 C
767 do 10, i=1,6
768 do 20, k=1,nBack
769 C
770 alpha(i)=alpha(i)+backStresses(k,i)
771 C
772 20 continue
773 10 continue
774 C
775 C
776 return
777 end
778 C
779 C
780 subroutine Mdot3(Am,xm,bm)
781 C
782 C
783 real(8) Am(3,3), xm(3), bm(3)
784 integer(4) i,j
785 C
786 do 10, i=1,3
787 bm(i)=0.0D0
788 do 20, j=1,3
789 bm(i)=bm(i)+Am(i,j)*xm(j)
790 20 continue
791 10 continue
792 C
793 return
794 C
795 end
796 C
797 subroutine Mdot6(Am,xm,bm)
798 C
799 C
800 real(8) Am(6,6), xm(6), bm(6)
801 integer(4) i,j
802 C
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803 C write(*,*) "Am(1,1:6)=",Am(1,1:6)
804 C write(*,*) "xm=",xm
805 C
806 do 10, i=1,6
807 bm(i)=0.0D0
808 do 20, j=1,6
809 bm(i)=bm(i)+Am(i,j)*xm(j)
810 20 continue
811 10 continue
812 C write(*,*) "bm=",bm
813 C
814 return
815 C
816 end
817 C
818 subroutine Mdot7(Am,xm,bm)
819 C
820 C
821 real(8) Am(7,7), xm(7), bm(7)
822 integer(4) i,j
823 C
824 do 10, i=1,7
825 bm(i)=0.0D0
826 do 20, j=1,7
827 bm(i)=bm(i)+Am(i,j)*xm(j)
828 20 continue
829 10 continue
830 C
831 return
832
833 end
834
835 subroutine Mdot(Am,xm,bm,n)
836 C
837 integer(4) n
838 C
839 real(8) Am(n,n), xm(n), bm(n)
840 integer(4) i,j
841 C
842 do 10, i=1,n
843 bm(i)=0.0D0
844 do 20, j=1,n
845 bm(i)=bm(i)+Am(i,j)*xm(j)
846 20 continue
847 10 continue
848 C
849 return
850 end
851 C
852 subroutine norm7(x1,x2,res)
853 C
854 C
855 real(8) x1(7), x2(7)
856 real(8) res
857 C
858 res=0.0D0
859 C
860 do 10, i=1,7
861 res=res+x1(i)*x2(i)
862 10 continue
863 C
864 res=sqrt(res)
865 C
866 return
867 C
868 end
869
870 subroutine norm(x1,N,res)
871 C
872 integer(4) N
873 real(8) x1(N), x2(N)
874 real(8) res
875 C
876 res=0.0D0
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877 C
878 do 10, i=1,N
879 res=res+x1(i)**2.0D0
880 10 continue
881 C
882 res=sqrt(res)
883 C
884 return
885 C
886 end
887 C
888 subroutine Vdot6(x1,x2,res)
889 C
890 C
891 real(8) x1(6), x2(6)
892 real(8) res
893 C
894 res=0.0D0
895 C
896 do 10, i=1,6
897 res=res+x1(i)*x2(i)
898 10 continue
899 C
900 C
901 return
902 C
903 end
904
905 subroutine QRdecomp(A,Q,R,n)
906 C
907 C Performs QR decomposition by modified Gram-Schmidt
908 C http://ocw.mit.edu/courses/mathematics/18-335j-introduction-to-numerical-methods-fall-2010/lecture-notes/MIT18_335JF10_lec10a_hand.pdf
909 C page 5
910
911
912 integer(4) n
913
914 real(8) A(n,n),Q(n,n),R(n,n),v(n,n)
915
916 integer(4) i,j
917
918 real(8) vAux(n),res
919
920 external Vdot,norm
921
922 do 30, i=1,n
923 do 40, j=1,n
924 R(i,j)=0.0D0
925 Q(i,j)=0.0D0
926 40 continue
927 30 continue
928
929
930 v=A
931
932 do 10, i=1,n
933
934 vAux=v(1:n,i)
935
936 call norm(vAux,n,res)
937
938 if (res.ge.1D-15) then
939 R(i,i)= res
940 else
941 res=1.0
942 endif
943
944 vAux=vAux/res
945
946 Q(1:n,i)=vAux
947
948 do 20 j=i+1,n
949
950 call Vdot(vAux,v(1:n,j),res,n)
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951
952 R(i,j)=res
953
954 v(1:n,j)=v(1:n,j)-vAux*res
955
956 20 continue
957
958 10 continue
959
960 return
961 end
962
963
964 subroutine Vdot(x1,x2,res,n)
965 C
966 C
967 integer(4) n
968 real(8) x1(n), x2(n)
969 real(8) res
970 C
971 res=0.0D0
972 C
973 do 10, i=1,n
974 res=res+x1(i)*x2(i)
975 10 continue
976
977 return
978 end
979
980 subroutine givens(i,j,a,b,G,n)
981
982 integer(4) n,i,j,k,l
983
984 real(8) a,b,G(n,n)
985
986 real(8) s,c,zero,one,two,TOL1
987
988
989 zero=0.0D0
990 one=1.0D0
991 two=2.0D0
992 TOL1=zero
993
994 if (abs(b).le.TOL1) then
995 c=one
996 s=zero
997 else
998 if (abs(b).gt.abs(a)) then
999 c write(*,*) ’b’,b
1000 tau=-a/b
1001 c write(*,*) ’tau’,tau
1002 s=one/(dsqrt(one+tau**two))
1003 c=s*tau
1004 else
1005 c write(*,*) ’a’,a
1006 tau=-b/a
1007 c write(*,*) ’tau’,tau
1008 c=one/dsqrt(one+tau**two)
1009 s=c*tau
1010 endif
1011 endif
1012
1013 do 10, k=1,n
1014 do 20, l=1,n
1015 G(k,l)=zero
1016 20 continue
1017 10 continue
1018
1019 do 11, k=1,n
1020 G(k,k)=one
1021 11 continue
1022
1023 G(i,i)=c
1024 G(j,j)=c
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1025 G(i,j)=s
1026 G(j,i)=-s
1027
1028 return
1029 end
1030
1031 subroutine eigen3d(A,eig,eigV)
1032
1033 C Application of the implicit symmetric QR step with Wilkinson Shift
1034 C (Golub and Loan - Matrix Computations)
1035 C This is done like this mainly for numerical precision
1036
1037 real(8) A(3,3),eig(3),eigV(3,3)
1038
1039 real(8) Ak(3,3),Qk(3,3),Id(3,3),S(3,3),Sk(3,3),
1040 1 u(3), auxMat(3,3),P(3,3),outM(3,3),
1041 1 G(3,3),GT(3,3),eigV1(3),eigV2(3),eigV3(3),AkH(3,3)
1042
1043 integer(4) i,j,nit,n,k
1044
1045 real(8) ck,norm,one,two,alpha,r,d,x,miu,z,eig1,eig2,eig3,
1046 1 sigma,beta,TOL1,TOL2,TOL3,d1,d2,miu1,miu2,miu3
1047
1048 intrinsic max,min,mod
1049 external tenMul,outer,givens
1050
1051 n=3
1052
1053 zero=0.0D0
1054 one=1.0D0
1055 two=2.0D0
1056
1057 TOL1=zero
1058 TOL2=1D-13
1059 TOL3=zero
1060
1061 do 30, i=1,n
1062 eig(i)=zero
1063 u(i)=zero
1064 do 40, j=1,n
1065 Id(i,j)=zero
1066 40 continue
1067 30 continue
1068
1069 do 50, i=1,n
1070 Id(i,i)=one
1071 50 continue
1072
1073 Ak=dble(A)
1074
1075 c write(*,*) "Ak before householder", Ak
1076
1077 C Perform 1 householder transformation
1078
1079 sigma=Ak(3,1)**two
1080
1081 u(2)=one
1082 u(3)=(Ak(3,1))
1083
1084 if ((sigma.le.TOL1).and.(Ak(2,1).ge.TOL1)) then
1085 beta=zero
1086 else
1087 if ((sigma.le.TOL1).and.(Ak(2,1).lt.TOL1)) then
1088 beta=-two
1089 else
1090 miu=dsqrt(Ak(2,1)**two+sigma)
1091 c write(*,*) "miu", miu
1092 if (Ak(2,1).le.TOL1) then
1093 u(2)=Ak(2,1)-miu
1094 else
1095 u(2)=-sigma/(Ak(2,1)+miu)
1096 endif
1097
1098 beta=two*u(2)**two/(sigma+u(2)**two)
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1099 u=u/u(2)
1100 endif
1101 endif
1102
1103
1104 call outer(u,u,outM)
1105
1106 P=Id-beta*outM
1107
1108 call tenMul(P,Ak,auxMat,n)
1109
1110 call tenMul(auxMat,P,Ak,n)
1111
1112 c write(*,*) "P", P
1113 c write(*,*) "auxMat", auxMat
1114 c write(*,*) "A", A
1115 c write(*,*) "Ak after householder", Ak
1116
1117 AkH=Ak
1118
1119
1120 C Play ball
1121
1122 nit=3.0e2
1123
1124 S=P
1125
1126 do 10, i=1,nit
1127
1128 C eig upper 2x2 mat
1129
1130
1131 d1=(Ak(1,1)-Ak(2,2))/two
1132
1133 if ((abs(d1).le.TOL3).and.(abs(Ak(2,1)).le.TOL3)) then
1134
1135 miu1=Ak(1,1)
1136
1137 else
1138
1139 miu1=Ak(2,2)-Ak(2,1)**two/
1140 1 (d1+sign(one,d1)*dsqrt(d1**two+Ak(2,1)**two))
1141
1142
1143 endif
1144
1145 c eig lower 2x2 mat
1146
1147 d2=(Ak(2,2)-Ak(3,3))/two
1148
1149 if ((abs(d2).le.TOL3).and.(abs(Ak(3,2)).le.TOL3)) then
1150
1151 miu2=Ak(2,2)
1152
1153 else
1154
1155 miu2=Ak(3,3)-Ak(3,2)**two/
1156 1 (d2+sign(one,d2)*dsqrt(d2**two+Ak(3,2)**two))
1157
1158
1159 endif
1160
1161
1162
1163 if (abs(Ak(1,2)).ge.abs(Ak(2,3))) then
1164
1165 miu=miu1
1166
1167 else
1168
1169 miu=miu2
1170
1171 endif
1172
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1173
1174
1175
1176 x=Ak(1,1)-miu
1177 z=Ak(2,1)
1178
1179 do 20, j=1,n-1
1180
1181 call givens(j,j+1,x,z,G,n)
1182
1183 call transp(G,GT,n)
1184
1185 call tenMul(GT,Ak,auxMat,n)
1186
1187 call tenMul(auxMat,G,Ak,n)
1188
1189 call tenMul(S,G,Sk,n)
1190
1191 S=Sk
1192
1193 if (j.lt.n-1) then
1194
1195 x=Ak(j+1,j)
1196 z=Ak(j+2,j)
1197
1198 endif
1199
1200 20 continue
1201
1202
1203
1204
1205
1206 if ((abs(Ak(1,2))/(abs(Ak(1,1))+abs(Ak(2,2))).lt.TOL2).and.
1207 1 (abs(Ak(2,3))/(abs(Ak(3,3))+abs(Ak(2,2))).lt.TOL2)) then
1208 GOTO 810
1209 endif
1210
1211 10 continue
1212
1213
1214 c write(*,*) "A", A
1215
1216 write(*,*) "Warning diagonalizing matrix not within tolerance"
1217 write(*,*) "A", A
1218 write(*,*) "G", GT
1219 write(*,*) "Ak", Ak
1220 write(*,*) "norm", norm
1221 c write(*,*) "x", x
1222 c write(*,*) "z", z
1223
1224
1225
1226 810 do 21, j=1,n
1227 eig(j)=Ak(j,j)
1228 21 continue
1229
1230 eigV=Sk
1231
1232 C Sort eigen values and eigenVectors
1233
1234 eig1=eig(1)
1235 eig2=eig(2)
1236 eig3=eig(3)
1237
1238 eigV1=eigV(1:3,1)
1239 eigV2=eigV(1:3,2)
1240 eigV3=eigV(1:3,3)
1241
1242 if ((eig1.le.eig2).and.(eig1.le.eig3)) then
1243
1244 if (eig2.le.eig3) then
1245 eig(1)=eig3
1246 eig(2)=eig2
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1247 eig(3)=eig1
1248 eigV(1:3,1)=eigV3
1249 eigV(1:3,2)=eigV2
1250 eigV(1:3,3)=eigV1
1251 else
1252 eig(1)=eig2
1253 eig(2)=eig3
1254 eig(3)=eig1
1255 eigV(1:3,1)=eigV2
1256 eigV(1:3,2)=eigV3
1257 eigV(1:3,3)=eigV1
1258 endif
1259
1260 else
1261 if ((eig1.ge.eig2).and.(eig1.ge.eig3)) then
1262
1263 if (eig2.ge.eig3) then
1264 eig(1)=eig1
1265 eig(2)=eig2
1266 eig(3)=eig3
1267 eigV(1:3,1)=eigV1
1268 eigV(1:3,2)=eigV2
1269 eigV(1:3,3)=eigV3
1270 else
1271 eig(1)=eig1
1272 eig(2)=eig3
1273 eig(3)=eig2
1274 eigV(1:3,1)=eigV1
1275 eigV(1:3,2)=eigV3
1276 eigV(1:3,3)=eigV2
1277 endif
1278
1279 else
1280
1281 if (eig3.le.eig2) then
1282 eig(1)=eig2
1283 eig(2)=eig1
1284 eig(3)=eig3
1285 eigV(1:3,1)=eigV2
1286 eigV(1:3,2)=eigV1
1287 eigV(1:3,3)=eigV3
1288 else
1289 eig(1)=eig3
1290 eig(2)=eig1
1291 eig(3)=eig2
1292 eigV(1:3,1)=eigV3
1293 eigV(1:3,2)=eigV1
1294 eigV(1:3,3)=eigV2
1295 endif
1296 endif
1297
1298 end if
1299
1300
1301
1302
1303 return
1304 end
1305
1306
1307
1308
1309
1310 C
1311 subroutine linSol(A,x,b,n)
1312 C
1313 C LINEAR SOLVER USING GAUSSIAN ELIMINATION
1314 C ASSUMING ’A’ IS REGULAR
1315 C i.e. NO NON-ZERO DIAGONAL ELEMENTS
1316 C DURING ELIMINATION
1317 C
1318 integer(4) n
1319 C
1320 real(8) A(n,n),x(n),b(n)
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1321 C
1322 integer rowPv,auxInd
1323 C
1324 real(8) aux
1325 C
1326 x(1:n)=0.0D0
1327 C ECHELON FORM
1328 C
1329 do 10, rowPv=1,n-1
1330 C write (*,*) ’A(rowPv,rowPv)’,rowPv,A(rowPv,rowPv)
1331 do 20, i=rowPv+1,n
1332 aux=A(i,rowPv)/A(rowPv,rowPv)
1333 b(i)=b(i)-aux*b(rowPv)
1334 do 30, j=rowPv,n
1335 A(i,j)=A(i,j)-aux*A(rowPv,j)
1336 30 continue
1337 20 continue
1338 10 continue
1339 C
1340 C BACK SUBSTITUTION
1341 C
1342 C
1343 do 40, rowPv=1,n
1344 auxInd=n+1-rowPv
1345 do 60, j=auxInd+1,n
1346 x(auxInd)=x(auxInd)+A(auxInd,j)*x(j)
1347 60 continue
1348 x(auxInd)=(b(auxInd)-x(auxInd))/A(auxInd,auxInd)
1349 40 continue
1350 C
1351 C
1352 return
1353 end
1354 C
1355 subroutine invMat(A,B,n)
1356 C
1357 C MATRIX INVERSION USING GAUSSIAN ELIMINATION
1358 C ASSUMING ’A’ IS INVERTABLE
1359 C
1360 integer(4) n
1361 C
1362 real(8) A(n,n),B(n,n),C(n,2*n)
1363 C
1364 integer(4) rowPv,auxInd,auxInd2
1365 C
1366 real(8) aux
1367 C
1368 C(1:n,1:2*n)=0.0D0
1369 C
1370 C(1:n,1:n)=A
1371 C
1372 do 40, i=1,n
1373 C(i,i+n)=1.0D0
1374 40 continue
1375 C
1376 C ECHELON FORM
1377 C
1378 do 10, rowPv=1,n-1
1379 do 20, i=rowPv+1,n
1380 aux=C(i,rowPv)/C(rowPv,rowPv)
1381 do 30, j=rowPv,2*n
1382 C(i,j)=C(i,j)-aux*C(rowPv,j)
1383 30 continue
1384 20 continue
1385 10 continue
1386 C
1387 C REDUCED ECHELON FORM
1388 C
1389 C
1390 C
1391 do 50, rowPv=1,n
1392 auxInd=n+1-rowPv
1393 do 60, i=rowPv,n-1
1394 auxInd2=n-i
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1395 aux=C(auxInd,auxInd)
1396 do 70, j=auxInd,2*n
1397 C(auxInd,j)=C(auxInd,j)/aux
1398 70 continue
1399 aux=C(auxInd2,auxInd)
1400 do 80, j=auxInd2,2*n
1401 C(auxInd2,j)=C(auxInd2,j)-aux*C(auxInd,j)
1402 80 continue
1403 60 continue
1404 50 continue
1405 aux=C(1,1)
1406 do 90, j=1,2*n
1407 C(1,j)=C(1,j)/aux
1408 90 continue
1409 C
1410 B(1:n,1:n)=C(1:n,n+1:2*n)
1411 C
1412 C
1413 return
1414 end
1415 C
1416 subroutine gtStre(F,U,invU)
1417 C
1418 C GET STRECTH TENSOR USING POLAR DECOMPOSITION
1419 C pg.244 Simo and Hughes
1420 C
1421 C
1422 real(8) F(3,3),U(3,3),invU(3,3)
1423 C
1424 integer rowPv,auxInd,i,j
1425 C
1426 real(8) aux,I1,I2,I3,i1_,i2_,i3_,trCsq,one,two,half,three,pi,m,
1427 1 n,c_,x1,x2,x3,lamb1,lamb2,lamb3,D ,t,twentySeven,b_,
1428 1 p1,p2,q,p,r,phi,zero,detB,eig1,eig2,eig3
1429
1430 real(8) FT(3,3),C(3,3),Csq(3,3),Id(3,3),B(3,3),eig(3),eigV(3,3),
1431 1 auxOut(3,3)
1432
1433 external transp,tenMul,eigen3d,outer,invMat
1434
1435 C
1436 zero=0.0D0
1437 one=1.0D0
1438 two=2.0D0
1439 three=3.0D0
1440 half=one/two
1441 twentySeven=27.0D0
1442 pi=3.14159265359D0
1443 C
1444 Id(1,1)=one
1445 Id(2,2)=one
1446 Id(3,3)=one
1447 C
1448 do 29, i=1,3
1449 do 30, j=1,3
1450 Id(i,j)=zero
1451 U(i,j)=zero
1452 invU(i,j)=zero
1453 30 continue
1454 29 continue
1455 C
1456 call transp(F,FT,3)
1457
1458 call tenMul(FT,F,C,3)
1459
1460 call tenMul(C,C,Csq,3)
1461
1462
1463 call eigen3d(C,eig,eigV)
1464
1465 do 13, i=1,3
1466
1467 call outer(eigV(1:3,i),eigV(1:3,i),auxOut)
1468
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1469 U=U+dsqrt(eig(i))*auxOut
1470
1471 13 continue
1472
1473 call invMat(U,invU,3)
1474
1475 return
1476 end
1477 C
1478 subroutine tenMul(A,B,C,n)
1479 C
1480 integer(4) n,i,j,k
1481 C
1482 real(8) A(n,n),B(n,n),C(n,n)
1483 C
1484 C do 10, i=1,n
1485 C do 20, j=1,n
1486 C C(i,j)=0.0
1487 C 20 continue
1488 C 10 continue
1489
1490 do 30, i=1,n
1491 do 40, j=1,n
1492 C(i,j)=0.0D0
1493 do 50, k=1,n
1494 C(i,j)=C(i,j)+A(i,k)*B(k,j)
1495 50 continue
1496 40 continue
1497 30 continue
1498
1499 return
1500 end
1501
1502 subroutine MMdot(a,x,m,n,l,b)
1503
1504 integer(4) m,n,l
1505
1506 real a(m,n),x(n,l),b(m,l)
1507
1508 integer(4) i,j,k
1509
1510 do 10, i=1,m
1511 do 20, j=1,l
1512 b(i,j)=0.0D0
1513 do 30, k=1,n
1514
1515 b(i,j)=b(i,j)+a(i,k)*x(k,j)
1516
1517 30 continue
1518 20 continue
1519 10 continue
1520
1521 return
1522 end
1523
1524 subroutine transp(A,B,n)
1525
1526 integer(4) n,i,j
1527
1528 real(8) A(n,n),B(n,n)
1529
1530 C do 10, i=1,n
1531 C do 20, j=1,n
1532 C C(i,j)=0.0
1533 C 20 continue
1534 C 10 continue
1535
1536 do 30, i=1,n
1537 do 40, j=1,n
1538 B(i,j)=A(j,i)
1539 40 continue
1540 30 continue
1541 C
1542 return
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1543 end
1544
1545 subroutine ttv(ten,vec)
1546 C Symmetric second order 3x3 tensor to 6x1 vector
1547
1548 real(8) ten(3,3),vec(6)
1549
1550 vec(1)=ten(1,1)
1551 vec(2)=ten(2,2)
1552 vec(3)=ten(3,3)
1553 vec(4)=ten(1,2)
1554 vec(5)=ten(1,3)
1555 vec(6)=ten(2,3)
1556
1557 return
1558 end
1559
1560 subroutine vtt(vec,ten)
1561 C 6x1 Vector to symmetric second order 3x3 tensor
1562
1563 real(8) ten(3,3),vec(6)
1564
1565 ten(1,1)=vec(1)
1566 ten(2,2)=vec(2)
1567 ten(3,3)=vec(3)
1568 ten(1,2)=vec(4)
1569 ten(1,3)=vec(5)
1570 ten(2,3)=vec(6)
1571 ten(2,1)=vec(4)
1572 ten(3,1)=vec(5)
1573 ten(3,2)=vec(6)
1574
1575
1576 return
1577 end
1578
1579 subroutine ttv9(ten,vec)
1580 C second order 3x3 tensor to 9x1 vector
1581
1582 real(8) ten(3,3),vec(9)
1583
1584 vec(1)=ten(1,1)
1585 vec(2)=ten(2,2)
1586 vec(3)=ten(3,3)
1587 vec(4)=ten(1,2)
1588 vec(5)=ten(1,3)
1589 vec(6)=ten(2,3)
1590 vec(7)=ten(2,1)
1591 vec(8)=ten(3,1)
1592 vec(9)=ten(3,2)
1593
1594 return
1595 end
1596
1597 subroutine vtt9(vec,ten)
1598 C 9x1 Vector to second order 3x3 tensor
1599
1600 real(8) ten(3,3),vec(9)
1601
1602 ten(1,1)=vec(1)
1603 ten(2,2)=vec(2)
1604 ten(3,3)=vec(3)
1605 ten(1,2)=vec(4)
1606 ten(1,3)=vec(5)
1607 ten(2,3)=vec(6)
1608 ten(2,1)=vec(7)
1609 ten(3,1)=vec(8)
1610 ten(3,2)=vec(9)
1611
1612
1613 return
1614 end
1615
1616 C
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1617 subroutine gtObQ(DFGRD0,DFGRD1,Spin,RotRate,velGrad,DTIME,Rot1,
1618 1 rotTensor0,rotTensorMid,rotTensor1,relRotTen1,relRotTenMid,
1619 1 strInc)
1620 C
1621 C This is a subroutine to get quantities needed
1622 C in a co-rotational formulation
1623 C (Simo & Hughes (1998))
1624 C
1625 real(8) DFGRD0(3,3),DFGRD1(3,3),Spin(3,3),RotRate(3,3),
1626 1 velGrad(3,3),DTIME,rotTensor0(3,3),rotTensorMid(3,3),
1627 1 rotTensor1(3,3),relRotTen1(3,3),relRotTenMid(3,3)
1628
1629 real(8) U0(3,3),invU0(3,3),Rot0(3,3),
1630 1 U1(3,3),invU1(3,3),Rot1(3,3),
1631 1 U05(3,3),invU05(3,3),Rot05(3,3),
1632 1 invDFGRD05(3,3),velGradT(3,3),half,
1633 1 theta(3,3),DFGRD05(3,3),one,h_n05(3,3),
1634 1 h_n05_T(3,3),expTheta05(3,3),expTheta1(3,3),
1635 1 invDFGRD0(3,3),fN05(3,3),fN1(3,3),invfN05(3,3),
1636 1 ftilda_N05(3,3),fN1_T(3,3),auxMat(3,3),auxMat2(3,3),
1637 1 Id3(3,3),ftilda_N05_T(3,3),strInc_Mat(3,3),strInc(6),
1638 1 two,rotTensor0_T(3,3),rotTensorMid_T(3,3),zero
1639
1640 real(8) midPoint
1641
1642 integer(4) i,j
1643
1644 external gtStre,invMat,tenMul,transp,expMap,ttv,vtt
1645
1646 zero=0.0D0
1647 half=0.5D0
1648 one=1.0D0
1649 two=2.0D0
1650
1651 do 29, i=1,3
1652 do 30, j=1,3
1653 Id3(i,j)=zero
1654 30 continue
1655 29 continue
1656
1657 do 10, i=1,3
1658 Id3(i,i)=one
1659 10 continue
1660
1661 midPoint=half
1662
1663 DFGRD05=midpoint*DFGRD1+(one-midpoint)*DFGRD0
1664
1665 C Polar decompositions to get rotations from deformation gradient
1666 c write(*,*) "Before"
1667
1668 c write(*,*) "DFGRD0=",DFGRD0
1669
1670 call gtStre(DFGRD0,U0,invU0)
1671
1672 c write(*,*) "DFGRD1=",DFGRD1
1673
1674 call gtStre(DFGRD1,U1,invU1)
1675
1676 c write(*,*) "invU1=",invU1
1677
1678 c write(*,*) "DFGRD05=",DFGRD05
1679
1680 call gtStre(DFGRD05,U05,invU05)
1681
1682 c write(*,*) "After"
1683
1684 call tenMul(DFGRD0,invU0,Rot0,3)
1685
1686 call tenMul(DFGRD1,invU1,Rot1,3)
1687
1688 call tenMul(DFGRD05,invU05,Rot05,3)
1689
1690
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1691 C Get rotation rate (omega)
1692
1693 call tenMul((Rot1-Rot0)/DTIME,Rot0,RotRate,3)
1694
1695 C Get spatial velocity gradient (L)
1696
1697
1698 call invMat(DFGRD05,invDFGRD05,3)
1699
1700 call tenMul((DFGRD1-DFGRD0)/DTIME,invDFGRD05,velGrad,3)
1701
1702 C Get spin (W)
1703
1704 call transp(velGrad,velGradT,3)
1705
1706 Spin=half*(velGrad-velGradT)
1707 C
1708 C Get Spin increment (theta)
1709 C Get h - increment in spin taken in midpoint configuration
1710 C
1711 call tenMul((DFGRD1-DFGRD0),invDFGRD05,h_n05,3)
1712
1713 call transp(h_n05,h_n05_T,3)
1714
1715 theta=half*(h_n05-h_n05_T)
1716
1717
1718
1719 C
1720 C
1721 C Define rotation tensor according to the desired formulation
1722 C
1723 C
1724 C Jaumann-Zaremba
1725 C
1726 c call expMap(half*theta,one,expTheta05)
1727
1728 c call expMap(theta,one,expTheta1)
1729
1730 c call tenMul(expTheta05,rotTensor0,rotTensorMid,3)
1731
1732 c call tenMul(expTheta1,rotTensor0,rotTensor1,3)
1733
1734 c write(*,*) "expTheta05=",expTheta05
1735 c write(*,*) "expTheta1=",expTheta1
1736 c write(*,*) "rotTensor1=",rotTensor1
1737
1738 C
1739 C Green-Mccinnis-Naghdi
1740 C
1741
1742 rotTensor0=Rot0
1743 rotTensorMid=Rot05
1744 rotTensor1=Rot1
1745
1746 c write(*,*) ""
1747 c write(*,*) "rotTensor0=",rotTensor0
1748 c write(*,*) "rotTensorMid=",rotTensorMid
1749 c write(*,*) "rotTensor1=",rotTensor1
1750
1751 C
1752 C Compute relative rotation tensors
1753 C
1754 C
1755 C
1756 call transp(rotTensor0,rotTensor0_T,3)
1757
1758 call transp(rotTensorMid,rotTensorMid_T,3)
1759
1760
1761 call tenMul(rotTensor1,rotTensor0_T,relRotTen1,3)
1762
1763 call tenMul(rotTensor1,rotTensorMid_T,relRotTenMid,3)
1764
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1765 c write(*,*) ""
1766 c write(*,*) "relRotTen1=",relRotTen1
1767 c write(*,*) "relRotTenMid=",relRotTenMid
1768
1769 C
1770 C
1771 C
1772 C Calculate incremental strain tensor
1773 C
1774 C
1775 C
1776 call invMat(DFGRD0,invDFGRD0,3)
1777
1778 call tenMul(DFGRD05,invDFGRD0,fN05,3)
1779
1780 call tenMul(DFGRD1,invDFGRD0,fN1,3)
1781
1782 call invMat(fN05,invfN05,3)
1783
1784 call tenMul(fN1,invfN05,ftilda_N05,3)
1785
1786 call transp(fN1,fN1_T,3)
1787
1788 call tenMul(fN1,fN1_T,auxMat,3)
1789
1790 call invMat(auxMat,auxMat2,3)
1791
1792
1793 auxMat=Id3-auxMat2
1794
1795 call transp(ftilda_N05,ftilda_N05_T,3)
1796
1797 call tenMul(ftilda_N05_T,auxMat,auxMat2,3)
1798
1799 call tenMul(auxMat2,ftilda_N05,auxMat,3)
1800
1801
1802 strInc_Mat=half*auxMat
1803
1804 call ttv(strInc_Mat,strInc)
1805
1806 C Multiply by two to store as engineering strains
1807
1808 strInc(4:6)=strInc(4:6)*two
1809
1810 return
1811 end
1812 C
1813 C
1814 C Void spin
1815 C
1816 C
1817 subroutine voidSp(w,f,D_P,n1_,n2_,n3_,rotTensor1,W_P)
1818
1819 external invMat,tenMul,Mdot,vtt,ttv,rot4thTen,transp,rot2ndTen,
1820 1 Mdot3,vtt9,ttv9,outer
1821
1822 real(8) Spin(3,3),omega(3,3),dphdS(6),Xv(3,3),X(3,3),n1_(3),
1823 1 n2_(3),n3_(3),W_P(3,3),rotTensor1T(3,3),rotTensor1(3,3)
1824
1825 real(8) w,f
1826
1827 real(8) D_Pvec9(9),Aten(9, 9),rotPi(9,9),
1828 1 S(9,9),vDvec9(9),Id(9,9),auxMat(9,9),Cten(9,9),auxVec9(9),
1829 2 auxMat3(3,3),lSpin(3,3),vSpin(3,3),vecD(6),D_P(3,3),
1830 3 Upsilon(3,3),Upsilon_T(3,3),auxMat3_2(3,3),lSpinVec(3),
1831 4 auxVec3(3),vSpinVec(3),spinVec(3),wVec(3),comb(4,2),auxni(3),
1832 5 auxnj(3),auxOut1(3,3),auxOut2(3,3)
1833
1834 real(8) one,two,a,b,c,Q,R,Ia,Ib,Ic,Iaa,Ibb,Icc,Iab,Iac,Ibc,nuInc,
1835 1 pi,three,four,five,eight,half,threeHalfs,zero,frob
1836
1837 integer(4) i,j,k,l,m,n
1838
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1839 zero=0.0D0
1840 one=1.0D0
1841 two=2.0D0
1842 three=3.0D0
1843 four=4.0D0
1844 five=5.0D0
1845 eight=8.0D0
1846 half=one/two
1847 threeHalfs=three/two
1848
1849 pi=3.14159265359D0
1850
1851 do 27, i=1,9
1852 do 28, j=1,9
1853 rotPi(i,j)=zero
1854 S(i,j)=zero
1855 Id(i,j)=zero
1856 Aten(i,j)=zero
1857 Cten(i,j)=zero
1858 28 continue
1859 27 continue
1860
1861 do 29, i=1,3
1862 do 30, j=1,3
1863 vSpin(i,j)=zero
1864 lSpin(i,j)=zero
1865 auxMat3(i,j)=zero
1866 auxMat3_2(i,j)=zero
1867 auxOut1(i,j)=zero
1868 auxOut2(i,j)=zero
1869 30 continue
1870 29 continue
1871
1872 C
1873 C Firtsly calculate Eshelby Tensor and corresponding rotation tensor
1874 C
1875 nuInc=0.5
1876
1877 Q=three/(eight*pi*(one-nuInc))
1878 R=(one-two*nuInc)/(eight*pi*(one-nuInc))
1879 c
1880 C a,b,c only have to ensure aspect ratio ’w’ since the length scale does not play a role in the Eshelby tensor (infinite elastic medium)
1881 C
1882 C Oblate:
1883 if (w.le.one) then
1884 c dsqrt(w) for geometric mean
1885 c=dsqrt(w)
1886 a=one/c
1887 b=a
1888
1889 Ia=two*pi*a**two*c/(a**two-c**two)**threeHalfs*(
1890 1 dacos(c/a)-c/a*(one-c**two/a**two)**half)
1891
1892 Ib=Ia
1893
1894 Ic=four*pi-Ia-Ib
1895
1896 Ibc= (Ic-Ib)/(three*(b**two-c**two))
1897 Iac= (Ic-Ia)/(three*(a**two-c**two))
1898
1899 Iab=(four*pi/(three*a**two)-Iac)/four
1900
1901 Iaa=three*Iab
1902 Ibb=Iaa
1903
1904 Icc=four*pi/(three*c**two)-Iac-Ibc
1905
1906 else
1907
1908 c=dsqrt(w)
1909 a=one/c
1910 b=a
1911
1912 Ia=two*pi*c*a**two/(c**two-a**two)**threeHalfs*(
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1913 1 c/a*(c**two/a**two-one)**half-dacosh*(c/a))
1914
1915 Ib=Ia
1916
1917 Ic=four*pi-Ia-Ib
1918
1919 Ibc= (Ic-Ib)/(three*(b**two-c**two))
1920 Iac= (Ic-Ia)/(three*(a**two-c**two))
1921
1922 Iab=(four*pi/(three*a**two)-Iac)/four
1923
1924 Iaa=three*Iab
1925 Ibb=Iaa
1926
1927 Icc=four*pi/(three*c**two)-Iac-Ibc
1928
1929 end if
1930 C
1931 C Set up Eshelby tenson
1932 C
1933 C 1111
1934 S(1,1)=Q*a**two*Iaa+R*Ia
1935 C 2222
1936 S(2,2)=Q*b**two*Ibb+R*Ib
1937 C 3333
1938 S(3,3)=Q*c**two*Icc+R*Ic
1939 c
1940 C 1122
1941 S(1,2)=Q*b**two*Iab-R*Ia
1942 C 2211
1943 S(2,1)=Q*a**two*Iab-R*Ib
1944 c
1945 C 1133
1946 S(1,3)=Q*c**two*Iac-R*Ia
1947 C 3311
1948 S(3,1)=Q*a**two*Iac-R*Ic
1949 C
1950 C 2233
1951 S(2,3)=Q*c**two*Ibc-R*Ib
1952 C 3322
1953 S(3,2)=Q*b**two*Ibc-R*Ic
1954 C
1955 C
1956 C 1212
1957 S(4,4)=Q*half*(a**two+b**two)*Iab+R*half*(Ia+Ib)
1958 c 1221
1959 S(4,7)=S(4,4)
1960 c 2112
1961 S(7,4)=S(4,4)
1962 c 2121
1963 S(7,7)=S(4,4)
1964 c
1965 c 1313
1966 S(5,5)=Q*half*(a**two+c**two)*Iac+R*half*(Ia+Ic)
1967 c 1331
1968 S(5,8)=S(5,5)
1969 c 3113
1970 S(8,5)=S(5,5)
1971 c 3131
1972 S(8,8)=S(5,5)
1973 c
1974 c 2323
1975 S(6,6)=Q*half*(b**two+c**two)*Ibc+R*half*(Ib+Ic)
1976 c 2332
1977 S(6,9)=S(6,6)
1978 c 3223
1979 S(9,6)=S(6,6)
1980 c
1981 S(9,9)=S(6,6)
1982 C
1983 C Set up rotation tensor (antisymetric 4th order)
1984 C
1985 c 1212
1986 rotPi(4,4)=(Ib-Ia)/(eight*pi)
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1987 rotPi(4,7)=rotPi(4,4)
1988 rotPi(7,4)=-rotPi(4,4)
1989 rotPi(7,7)=-rotPi(4,4)
1990 c
1991 c 3131
1992 c
1993 rotPi(8,8)=(Ia-Ic)/(eight*pi)
1994 rotPi(8,5)=rotPi(8,8)
1995 rotPi(5,8)=-rotPi(8,8)
1996 rotPi(5,5)=-rotPi(8,8)
1997 c
1998 c 2323
1999 c
2000 rotPi(6,6)=(Ic-Ib)/(eight*pi)
2001 rotPi(6,9)=rotPi(6,6)
2002 rotPi(9,6)=-rotPi(6,6)
2003 rotPi(9,9)=-rotPi(6,6)
2004
2005 c
2006 c Compute strain concentration tensor Aten
2007 c
2008 do 10, i=1,9
2009 Id(i,i)=one
2010 10 continue
2011
2012 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
2013 C Project eshelby quantitites to the rotated void axes
2014 C (eshelby quantities defined in global axis)
2015 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
2016
2017 C Set up a rotation matrix with the columns being the principal axes of the void
2018
2019 Upsilon(1:3,1)=n1_
2020 Upsilon(1:3,2)=n2_
2021 Upsilon(1:3,3)=n3_
2022
2023 C Rotate S and rotPi
2024
2025 800 format(A6, 9F7.2,17X,
2026 1 9F7.2,17X,
2027 1 9F7.2,17X,
2028 1 9F7.2,17X,
2029 1 9F7.2,17X,
2030 1 9F7.2,17X,
2031 1 9F7.2,17X,
2032 1 9F7.2,17X,
2033 1 9F7.2,17X)
2034
2035 801 format(A2, 9E9.2,15X,
2036 1 9E7.2,17X,
2037 1 9E7.2,17X,
2038 1 9E7.2,17X,
2039 1 9E7.2,17X,
2040 1 9E7.2,17X,
2041 1 9E7.2,17X,
2042 1 9E7.2,17X,
2043 1 9E7.2,17X)
2044
2045 c call transp(S,auxMat,9)
2046
2047 c write(*,800) "S=",auxMat
2048
2049 call rot4thTen(Upsilon,S,auxMat)
2050
2051
2052 S=auxMat
2053
2054
2055 c write(*,*) ""
2056
2057 c call transp(S,auxMat,9)
2058
2059 c write(*,800) "S=",auxMat
2060
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2061 c write(*,*) ""
2062 c write(*,*) ""
2063
2064 c call transp(rotPi,auxMat,9)
2065
2066 c write(*,800) "rotPi0=",auxMat
2067
2068 call rot4thTen(Upsilon,rotPi,auxMat)
2069
2070 rotPi=auxMat
2071
2072 c write(*,*) ""
2073
2074 c call transp(rotPi,auxMat,9)
2075
2076 c write(*,800) "rotPi1=",auxMat
2077
2078 c write(*,*) ""
2079
2080
2081 C Go about normal business
2082
2083
2084 auxMat=Id-(one-f)*S
2085
2086 c write(*,*) "auxMat=",auxMat
2087
2088 call invMat(auxMat,Aten,9)
2089
2090 c write(*,*) "Aten=",Aten
2091
2092 auxMat=-(one-f)*rotPi
2093
2094 call tenMul(auxMat,Aten,Cten,9)
2095
2096
2097 C Put D_P in the local configuration of the void to use A an C
2098
2099
2100 call ttv9(D_P,D_Pvec9)
2101
2102
2103
2104
2105 call Mdot(Aten,D_Pvec9,vDvec9,9)
2106
2107 call Mdot(Cten,D_Pvec9,auxVec9,9)
2108
2109
2110 call vtt9(auxVec9,auxMat3)
2111
2112
2113 W_P=auxMat3
2114
2115
2116
2117
2118 call vtt9(vDvec9,auxMat3_2)
2119
2120 comb(1,1)=1
2121 comb(1,2)=3
2122
2123 comb(2,1)=2
2124 comb(2,2)=3
2125
2126 comb(3,1)=3
2127 comb(3,2)=1
2128
2129 comb(4,1)=3
2130 comb(4,2)=2
2131
2132 wVec(1)=w
2133 wVec(2)=w
2134 wVec(3)=one
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2135
2136
2137 do 33, k=1,4
2138
2139 i=comb(k,1)
2140 j=comb(k,2)
2141
2142 auxni=Upsilon(1:3,i)
2143 auxnj=Upsilon(1:3,j)
2144
2145 call outer(auxni,auxnj,auxOut1)
2146 call outer(auxnj,auxni,auxOut2)
2147
2148 frob=zero
2149
2150 do 34, m=1,3
2151 do 35, n=1,3
2152 frob=frob+(auxOut1(m,n)+auxOut2(m,n))*auxMat3_2(m,n)
2153 35 continue
2154 34 continue
2155
2156 lSpin=lSpin+half*(wVec(i)**two+wVec(j)**two)/(wVec(i)-wVec(j))*
2157 1 frob*auxOut1
2158
2159 33 continue
2160
2161 W_P=W_P-lSpin
2162
2163 c write(*,*) "n1_",n1_
2164 c write(*,*) "n2_",n2_
2165 c write(*,*) "n3_",n3_
2166
2167 c write(*,*) "w=",w
2168 c write(*,*) "f=",f
2169
2170 c write(*,*) "D_P=",D_P
2171 c write(*,*) "W_P=",W_P
2172 c write(*,*) ""
2173 c write(*,*) "lSpin=",lSpin
2174 c write(*,*) "omega=",omega
2175 c write(*,*) "Spin=",Spin
2176 c write(*,*) "rotPi=",rotPi
2177 c write(*,*) "Aten=",Aten
2178
2179 return
2180 end
2181
2182
2183
2184
2185
2186
2187
2188
2189 subroutine expMap(W,DTIME,expW)
2190
2191 external tenMul
2192
2193 real(8) W(3,3),expW(3,3),DTIME
2194
2195 real(8) magW, Id3(3,3), auxMat(3,3),one,two,zero,TOL
2196
2197 integer(4) i,j
2198
2199 zero=0.0D0
2200 one=1.0D0
2201 two=2.0D0
2202 TOL=1D-14
2203
2204 do 11, i=1,3
2205 do 12, j=1,3
2206 Id3(i,j)=zero
2207 auxMat(i,j)=zero
2208 12 continue
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2209 11 continue
2210
2211 do 10, i=1,3
2212 Id3(i,i)=one
2213 10 continue
2214
2215 W=W*DTIME
2216
2217 magW=dsqrt(W(1,2)**two+W(1,3)**two+W(2,3)**two)
2218
2219
2220 if (magW.le.TOL) then
2221
2222 expW=Id3
2223
2224 else
2225
2226 call tenMul(W,W,auxMat,3)
2227
2228 expW=Id3+dsin(magW)/(magW)*W+
2229 1 (one-dcos(magW))/(magW**two)*auxMat
2230
2231 end if
2232
2233 C W=W/DTIME
2234
2235 do 20, i=1,3
2236 do 30, j=1,3
2237
2238 W(i,j)=W(i,j)/DTIME
2239
2240 30 continue
2241 20 continue
2242
2243
2244 return
2245 end
2246
2247
2248
2249 subroutine rot2ndTen(R,Ten,endTen)
2250
2251 external transp,tenMul
2252
2253 real(8) R(3,3),Ten(3,3),endTen(3,3)
2254
2255 real(8) RT(3,3),auxMat(3,3)
2256
2257 call transp(R,RT,3)
2258
2259 call tenMul(R,Ten,auxMat,3)
2260
2261 call tenMul(auxMat,RT,endTen,3)
2262
2263 return
2264 end
2265
2266 subroutine rot4thTen(R,Ten,endTen)
2267
2268 real(8) R(3,3),Ten(9,9),endTen(9,9)
2269
2270 real(8) RT(3,3),auxMat(3,3)
2271
2272 integer(4) SI(3,3)
2273
2274 integer(4) i,j,k,l,o,p,q,r_,m,n,u,v
2275
2276 real(8) zero
2277
2278 zero=0.0
2279
2280
2281 do 90, i=1,9
2282 do 100, j=1,9
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2283
2284 endTen(i,j)=zero
2285
2286 100 continue
2287 90 continue
2288 C
2289 C SI for sorting index table
2290 C
2291 SI(1,1)=1
2292 SI(2,2)=2
2293 SI(3,3)=3
2294 SI(1,2)=4
2295 SI(1,3)=5
2296 SI(2,3)=6
2297 SI(2,1)=7
2298 SI(3,1)=8
2299 SI(3,2)=9
2300
2301 do 10, i=1,3
2302 do 20, j=1,3
2303
2304 u=SI(i,j)
2305
2306 do 30, k=1,3
2307 do 40, l=1,3
2308
2309
2310 v=SI(k,l)
2311
2312 do 50, o=1,3
2313 do 60, p=1,3
2314
2315 m=SI(o,p)
2316
2317 do 70, q=1,3
2318 do 80, r_=1,3
2319
2320
2321 n=SI(q,r_)
2322
2323 endTen(u,v)=endTen(u,v)+R(i,o)*R(j,p)*R(k,q)*R(l,r_)*Ten(m,n)
2324
2325 80 continue
2326 70 continue
2327 60 continue
2328 50 continue
2329
2330 40 continue
2331 30 continue
2332 20 continue
2333 10 continue
2334
2335
2336
2337 return
2338 end
2339
2340
2341 C
2342 C
2343 C
2344 C
2345 C
2346 C GLD YIELD FUNCTION
2347 C
2348 C
2349 C
2350 C
2351 subroutine GLD(
2352 C Input variables
2353 2 sigma,alpha,f,w,sy,q_,n1_,n2_,n3_,
2354 C Ouput variables
2355 2 phi,T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,X,Q,Tvm,
2356 3 sh_x,sigma_dev,alpha_dev,Xv,KINC)
39
Appendix A. UMAT
2357 C
2358 external outer
2359 C
2360 real(8) sigma(6),alpha(6),n1_(3),n2_(3),
2361 1 n3_(3),sigma_dev(6),alpha_dev(6),Q(3,3),X(3,3),
2362 2 aux_e1(3,3),aux_e2(3,3),aux_e3(3,3),Taux(6),Taux_dev(6),Xv(3,3)
2363 real(8) f,w,sy,q_,phi,sh_x,d,
2364 2 T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,Tvm
2365 C
2366 real(8) sh,svm,ah,sih,coh
2367 C
2368 real(8) zero,one,two,three,four,half,threeHalfs,third,
2369 1 twoThirds,twSev,nine,eight,six,five,tol_w,w0,fx,dfx,d2fdx2,tenth
2370
2371 integer(4) KINC
2372 C
2373 C
2374 zero = 0.0D0
2375 one = 1.0D0
2376 two = 2.0D0
2377 three = 3.0D0
2378 third = one/three
2379 half = 0.5D0
2380 twoThirds = two/three
2381 threeHalfs = 1.5D0
2382 four=4.0D0
2383 twSev=27.0D0
2384 nine=9.0D0
2385 eight=8.0D0
2386 six=6.0D0
2387 five=5.0D0
2388 tenth=0.1D0
2389 C
2390 sh=third*(sigma(1)+sigma(2)+sigma(3))
2391 C
2392 sigma_dev(1)=sigma(1)-sh
2393 sigma_dev(2)=sigma(2)-sh
2394 sigma_dev(3)=sigma(3)-sh
2395 sigma_dev(4)=sigma(4)
2396 sigma_dev(5)=sigma(5)
2397 sigma_dev(6)=sigma(6)
2398 C
2399 svm=dsqrt(threeHalfs*(sigma_dev(1)**two+sigma_dev(2)**two+
2400 1 sigma_dev(3)**two+two*(sigma_dev(4)**two)+two*(sigma(5)**two)+
2401 2 two*(sigma_dev(6)**two)))
2402 C
2403 C write(*,*), "sh=",sh
2404 C write(*,*), "svm=",svm
2405 C
2406 T=sh/(svm+1D-8)
2407 C
2408 ah=third*(alpha(1)+alpha(2)+alpha(3))
2409 C
2410 alpha_dev(1)=alpha(1)-ah
2411 alpha_dev(2)=alpha(2)-ah
2412 alpha_dev(3)=alpha(3)-ah
2413 alpha_dev(4)=alpha(4)
2414 alpha_dev(5)=alpha(5)
2415 alpha_dev(6)=alpha(6)
2416
2417 tol_w=0.01D0
2418
2419 w0=w
2420
2421 S=dlog(w)
2422
2423
2424 if (abs(w-one).le.tol_w) then
2425
2426 w=1.01D0
2427
2428 g=0.0+1D-11
2429
2430 a1=third+1D-11
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2431
2432 a2=third+1D-11
2433
2434 ag=third+1D-11
2435
2436 k=threeHalfs+1D-11
2437
2438 C_gld=one+1D-11
2439
2440 eta=zero+1D-11
2441
2442 GOTO 112
2443
2444 endif
2445 C
2446 S=dlog(w)
2447 C
2448
2449 C
2450 if (w.ge.one) then
2451 C
2452 e1=dsqrt(one-dexp(-two*S))
2453 C
2454 d=(one-e1**two)/(f*e1**three)
2455 C
2456 c e2=third*((twSev*d**two+three*sqrt(three)*dsqrt(twSev*d**four-
2457 c 1 four*d**two)-two)**(third)/(two**third*d)+two**third/(
2458 c 2 d*(twSev*d**two+three*sqrt(three)*dsqrt(twSev*d**four-
2459 c 3 four*d**two)-two)**third )-one/d )
2460
2461 c Halley’s method to find e2
2462
2463 e2=0.5D0
2464 fx=(one-e2**two)/e2**three-d
2465 dfx=(e2**two-three)/e2**four
2466 d2fdx2=-two*(e2**two-six)/e2**five
2467
2468 do 148, i=1,30
2469 e2=e2-two*fx*dfx/(two*dfx**two-fx*d2fdx2)
2470 fx=(one-e2**two)/e2**three-d
2471 dfx=(e2**two-three)/e2**four
2472 d2fdx2=-two*(e2**two-six)/e2**five
2473 if (abs(fx).lt.1D-15) then
2474 GOTO 124
2475 endif
2476 148 continue
2477
2478
2479 C
2480 124 g=0.0
2481
2482
2483 C
2484 k=one/(one/sqrt(three)+one/dlog(f)*((sqrt(three)-two)*
2485 1 dlog(e1/e2)))
2486 C
2487 a2=(one+e2**two)/((one+e2**two)**two+two*(one-e2**two))
2488 C
2489 a1=(e1-(one-e1**two)*datanh(e1))/(two*e1**three)
2490 C
2491 ag=one/(three-e1**two)
2492 C
2493 else
2494 C
2495 e1=sqrt(one-dexp(two*S))
2496 C write(*,*), "e1=",e1
2497 C
2498 gam=dsqrt((one-e1**two))/(f*e1**three)
2499 C
2500 e2=dsqrt((nine*gam**four+sqrt(three)*dsqrt(twSev*gam**eight
2501 1 +four*gam**six))**(third)/((two)**(third)*(three)**
2502 2 (twoThirds)*gam**two)-(twoThirds)**(third)/(nine*gam**four+
2503 3 sqrt(three)*dsqrt(twSev*gam**eight+four*gam**six))**(third))
2504
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2505 ! e2=0.005
2506 ! fx=dsqrt(one-e2**two)/e2**three-gam
2507 ! dfx=(two*e2**two-three)/(e2**four*dsqrt(one-e2**two))
2508
2509 ! do 149, i=1,100
2510 ! e2=e2-fx/dfx
2511 ! if (e2.ge.one) then
2512 ! e2=one-((one-e2)/e2)*tenth
2513 ! endif
2514 ! fx=dsqrt(one-e2**two)/e2**three-gam
2515 ! dfx=(two*e2**two-three)/(e2**four*dsqrt(one-e2**two))
2516 ! if (abs(fx).lt.1e-10) then
2517 ! GOTO 121
2518 ! endif
2519 ! 149 continue
2520 C
2521 C write(*,*), "gam=",gam
2522 C
2523 121 g=e2**three/dsqrt(one-e2**two)
2524 C
2525 gf=g/(g+f)
2526 C
2527 g1=g/(g+one)
2528 C
2529 k=threeHalfs*(one+((gf-g1)+four/five*(gf**(five/two)-
2530 1 g1**(five/two))-three/five*(gf**five-g1**five))/log(gf/g1))
2531 2 **(-one)
2532 C
2533 a2=(one-e2**two)*(one-two*e2**two)/
2534 1 ((one-two*e2**two)**two+two*(one-e2**two))
2535 C
2536 a1=(-e1*(one-e1**two)+dsqrt(one-e1**two)*dasin(e1))/
2537 1 (two*e1**three)
2538 C
2539 ag=(one-e1**two)/(three-two*e1**two)
2540 C
2541 end if
2542
2543
2544 C
2545 hstar=two*(a1-a2)
2546 qstar=one-f
2547 C
2548 sih=dsinh(k*hstar)
2549 coh=dcosh(k*hstar)
2550 C
2551 C
2552 eta=(-twoThirds)*k*qstar*(g+one)*(g+f)*sih/((g+one)**two+
2553 1 (g+f)**two
2554 1 +(g+one)*(g+f)*(k*hstar*sih-two*coh))
2555 C
2556 C
2557 C_gld=-twoThirds*k*(g+one)*(g+f)*sih/((qstar+
2558 1 threeHalfs*eta*hstar)
2559 1 *eta)
2560 C
2561 112 call outer(n1_,n1_,aux_e1)
2562 call outer(n2_,n2_,aux_e2)
2563 call outer(n3_,n3_,aux_e3)
2564 C
2565 Q=-third*(aux_e1+aux_e2)+twoThirds*aux_e3
2566
2567 C
2568
2569 X=a2*(aux_e1+aux_e2)+(one-two*a2)*aux_e3
2570
2571 Xv=a1*(aux_e1+aux_e2)+(one-two*a1)*aux_e3
2572
2573 sh_x=(sigma(1)-alpha(1))*X(1,1)+(sigma(2)-alpha(2))*X(2,2)+
2574 1 (sigma(3)-alpha(3))*X(3,3)+(sigma(4)-alpha(4))*X(1,2)+
2575 2 (sigma(4)-alpha(4))*X(2,1)+(sigma(5)-alpha(5))*X(1,3)+
2576 3 (sigma(5)-alpha(5))*X(3,1)+(sigma(6)-alpha(6))*X(2,3)+
2577 4 (sigma(6)-alpha(6))*X(3,2)
2578 C
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2579
2580 Taux(1)=sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)
2581 Taux(2)=sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)
2582 Taux(3)=sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)
2583 Taux(4)=sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2)
2584 Taux(5)=sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3)
2585 Taux(6)=sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3)
2586 C
2587
2588 C
2589 C
2590 Taux_h=third*(Taux(1)+Taux(2)+Taux(3))
2591 C
2592 C
2593 Taux_dev(1)=Taux(1)-Taux_h
2594 Taux_dev(2)=Taux(2)-Taux_h
2595 Taux_dev(3)=Taux(3)-Taux_h
2596 Taux_dev(4)=Taux(4)
2597 Taux_dev(5)=Taux(5)
2598 Taux_dev(6)=Taux(6)
2599 C
2600 C
2601 Tvm=dsqrt(threeHalfs*(Taux_dev(1)**two+Taux_dev(2)**two+
2602 1 Taux_dev(3)**two+two*Taux_dev(4)**two+two*Taux_dev(5)**two+
2603 2 two*Taux_dev(6)**two))
2604 C
2605 C
2606 phi=C_gld*(Tvm**two)/(sy**two)+two*q_*(g+one)*(g+f)*
2607 1 dcosh(k*sh_x/sy)-(g+one)**two-q_**two*(g+f)**two
2608
2609 C
2610 w=w0
2611 C
2612 C
2613 return
2614 end
2615 C
2616 C
2617 C
2618 C
2619 C
2620 C THIS SECTION OF THE CODE CONTAINS THE SUBROUTINES
2621 C TO CALCULATE THE DERIVATIVES NEEDED TO GET BACK
2622 C TO THE YIELD FUNCTION
2623 C
2624 C
2625 C
2626 C
2627 C
2628 C
2629 C
2630 C
2631 subroutine dGLDdS(
2632 C Input variables
2633 1 sigma,alpha,C_gld,Tvm,sh_x,X,Q,k,sy,eta,q_,g,
2634 2 sigma_dev,alpha_dev,f,
2635 C Output variables
2636 2 dphdS
2637 3 )
2638 C
2639 C
2640 real(8) sigma(6),sigma_dev(6),alpha(6),Q(3,3),X(3,3),
2641 1 alpha_dev(6)
2642 real(8) C_gld,Tvm,k,sy,eta,q_,g,sh_x,d,f
2643 real(8) dphdS(6)
2644 C
2645 C
2646 real(8) zero,one,two,three,four,half,threeHalfs,third,
2647 1 twoThirds,twSev,nine,eight,six,five
2648 C
2649 C
2650 zero = 0.0D0
2651 one = 1.0D0
2652 two = 2.0D0
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2653 three = 3.0D0
2654 third = one/three
2655 half = 0.5D0
2656 twoThirds = two/three
2657 threeHalfs = 1.5D0
2658 four=4.0D0
2659 twSev=27.0D0
2660 nine=9.0D0
2661 eight=8.0D0
2662 six=6.0D0
2663 five=5.0D0
2664 C
2665 Qmm=Q(1,1)+Q(2,2)+Q(3,3)
2666
2667 C
2668 auxMM=sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)+
2669 1 sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2) +
2670 2 sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)
2671 C
2672 dphdS(1)=C_gld*three/(sy**two)*(
2673 1 (sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)-third*auxMM)*
2674 2 (one-third+eta*X(1,1)*Q(1,1)-
2675 3 third*(eta*X(1,1)*Qmm))+
2676 C
2677 4 (sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)-third*auxMM)*
2678 5 (-1.0*third+eta*X(1,1)*Q(2,2)-
2679 6 third*(eta*X(1,1)*Qmm))+
2680 C
2681 7 (sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)-third*auxMM)*
2682 8 (-1.0*third+eta*X(1,1)*Q(3,3)-
2683 9 third*(eta*X(1,1)*Qmm)) +
2684 C
2685 1 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2))*
2686 2 (eta*X(1,1)*Q(1,2)) +
2687 3 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(2,1))*
2688 4 (eta*X(1,1)*Q(2,1)) +
2689 C
2690 5 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3))*
2691 6 (eta*X(1,1)*Q(1,3)) +
2692 7 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(3,1))*
2693 8 (eta*X(1,1)*Q(3,1)) +
2694 C
2695 9 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3))*
2696 1 (eta*X(1,1)*Q(2,3)) +
2697 2 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(3,2))*
2698 3 (eta*X(1,1)*Q(3,2)) ) +
2699 C
2700 5 two*q_*(g+one)*(g+f)*dsinh(k*sh_x/sy)*k/sy*X(1,1)
2701 C
2702 C
2703 dphdS(2)=C_gld*three/(sy**two)*(
2704 1 (sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)-third*auxMM)*
2705 2 (-1.0*third+eta*X(2,2)*Q(1,1)-
2706 3 third*(eta*X(2,2)*Qmm))+
2707 C
2708 4 (sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)-third*auxMM)*
2709 5 (one-1.0*third+eta*X(2,2)*Q(2,2)-
2710 6 third*(eta*X(2,2)*Qmm))+
2711 C
2712 7 (sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)-third*auxMM)*
2713 8 (-1.0*third+eta*X(2,2)*Q(3,3)-
2714 9 third*(eta*X(2,2)*Qmm)) +
2715 C
2716 1 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2))*
2717 2 (eta*X(2,2)*Q(1,2)) +
2718 3 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(2,1))*
2719 4 (eta*X(2,2)*Q(2,1)) +
2720 C
2721 5 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3))*
2722 6 (eta*X(2,2)*Q(1,3)) +
2723 7 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(3,1))*
2724 8 (eta*X(2,2)*Q(3,1)) +
2725 C
2726 9 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3))*
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2727 1 (eta*X(2,2)*Q(2,3)) +
2728 2 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(3,2))*
2729 3 (eta*X(2,2)*Q(3,2)) ) +
2730 C
2731 5 two*q_*(g+one)*(g+f)*dsinh(k*sh_x/sy)*k/sy*X(2,2)
2732 C
2733 C
2734 dphdS(3)=C_gld*three/(sy**two)*(
2735 1 (sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)-third*auxMM)*
2736 2 (-1.0*third+eta*X(3,3)*Q(1,1)-
2737 3 third*(eta*X(3,3)*Qmm))+
2738 C
2739 4 (sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)-third*auxMM)*
2740 5 (-1.0*third+eta*X(3,3)*Q(2,2)-
2741 6 third*(eta*X(3,3)*Qmm))+
2742 C
2743 7 (sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)-third*auxMM)*
2744 8 (one-1.0*third+eta*X(3,3)*Q(3,3)-
2745 9 third*(eta*X(3,3)*Qmm)) +
2746 C
2747 1 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2))*
2748 2 (eta*X(3,3)*Q(1,2)) +
2749 3 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(2,1))*
2750 4 (eta*X(3,3)*Q(2,1)) +
2751 C
2752 5 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3))*
2753 6 (eta*X(3,3)*Q(2,3)) +
2754 7 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(3,1))*
2755 8 (eta*X(3,3)*Q(3,2)) +
2756 C
2757 9 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3))*
2758 1 (eta*X(3,3)*Q(2,3)) +
2759 2 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(3,2))*
2760 3 (eta*X(3,3)*Q(3,2)) ) +
2761 C
2762 5 two*q_*(g+one)*(g+f)*dsinh(k*sh_x/sy)*k/sy*X(3,3)
2763 C
2764 C
2765 C
2766 C
2767 dphdS(4)=C_gld*three/(sy**two)*(
2768 1 (sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)-third*auxMM)*
2769 2 (eta*X(1,2)*Q(1,1)-
2770 3 third*(eta*X(1,2)*Qmm))+
2771 C
2772 4 (sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)-third*auxMM)*
2773 5 (eta*X(1,2)*Q(2,2)-
2774 6 third*(eta*X(1,2)*Qmm))+
2775 C
2776 7 (sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)-third*auxMM)*
2777 8 (eta*X(1,2)*Q(3,3)-
2778 9 third*(eta*X(1,2)*Qmm)) +
2779 C
2780 1 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2))*
2781 2 (one+eta*X(1,2)*Q(1,2)) +
2782 3 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(2,1))*
2783 4 (eta*X(1,2)*Q(2,1)) +
2784 C
2785 5 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3))*
2786 6 (eta*X(1,2)*Q(2,3)) +
2787 7 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(3,1))*
2788 8 (eta*X(1,2)*Q(3,2)) +
2789 C
2790 9 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3))*
2791 1 (eta*X(1,2)*Q(2,3)) +
2792 2 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(3,2))*
2793 3 (eta*X(1,2)*Q(3,2)) ) +
2794 C
2795 5 two*q_*(g+one)*(g+f)*dsinh(k*sh_x/sy)*k/sy*X(1,2)
2796 C
2797 C
2798 C
2799 dphdS(6)=C_gld*three/(sy**two)*(
2800 1 (sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)-third*auxMM)*
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2801 2 (eta*X(2,3)*Q(1,1)-
2802 3 third*(eta*X(2,3)*Qmm))+
2803 C
2804 4 (sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)-third*auxMM)*
2805 5 (eta*X(2,3)*Q(2,2)-
2806 6 third*(eta*X(2,3)*Qmm))+
2807 C
2808 7 (sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)-third*auxMM)*
2809 8 (eta*X(2,3)*Q(3,3)-
2810 9 third*(eta*X(2,3)*Qmm)) +
2811 C
2812 1 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2))*
2813 2 (eta*X(2,3)*Q(1,2)) +
2814 3 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(2,1))*
2815 4 (eta*X(2,3)*Q(2,1)) +
2816 C
2817 5 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3))*
2818 6 (one+eta*X(2,3)*Q(2,3)) +
2819 7 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(3,2))*
2820 8 (eta*X(2,3)*Q(3,2)) +
2821 C
2822 9 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3))*
2823 1 (eta*X(2,3)*Q(1,3)) +
2824 2 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(3,1))*
2825 3 (eta*X(2,3)*Q(3,1)) ) +
2826 C
2827 5 two*q_*(g+one)*(g+f)*dsinh(k*sh_x/sy)*k/sy*X(2,3)
2828 C
2829 C
2830 C
2831 dphdS(5)=C_gld*three/(sy**two)*(
2832 1 (sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)-third*auxMM)*
2833 2 (eta*X(1,3)*Q(1,1)-
2834 3 third*(eta*X(1,3)*Qmm))+
2835 C
2836 4 (sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)-third*auxMM)*
2837 5 (eta*X(1,3)*Q(2,2)-
2838 6 third*(eta*X(1,3)*Qmm))+
2839 C
2840 7 (sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)-third*auxMM)*
2841 8 (eta*X(1,3)*Q(3,3)-
2842 9 third*(eta*X(1,3)*Qmm)) +
2843 C
2844 1 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2))*
2845 2 (eta*X(1,3)*Q(1,2)) +
2846 3 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(2,1))*
2847 4 (eta*X(1,3)*Q(2,1)) +
2848 C
2849 5 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3))*
2850 6 (eta*X(1,3)*Q(2,3)) +
2851 7 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(3,2))*
2852 8 (eta*X(1,3)*Q(3,2)) +
2853 C
2854 9 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3))*
2855 1 (one+eta*X(1,3)*Q(1,3)) +
2856 2 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(3,1))*
2857 3 (eta*X(1,3)*Q(3,1)) ) +
2858 C
2859 5 two*q_*(g+one)*(g+f)*dsinh(k*sh_x/sy)*k/sy*X(1,3)
2860 C
2861 C
2862 C
2863 return
2864 C
2865 end
2866 C
2867 C
2868 subroutine d2GdS2(
2869 C Input variables
2870 1 C_gld,sy,q_,g,f,k,X,Q,sh_x,eta,
2871 C Ouput
2872 2 d2GLDdS2)
2873 C
2874 C
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2875 real(8) C_gld,sy,q_,g,f,k,sh_x,eta
2876 real(8) X(3,3),Q(3,3),d2GLDdS2(6,6)
2877 C
2878 C
2879 real(8) zero,one,two,three,four,half,threeHalfs,third,
2880 1 twoThirds
2881 C
2882 real(8) const1,const2,sumau
2883 C
2884 integer aux_table(6,2),delta(3,3),r,s,i,j,k_,l,m,n
2885 C
2886 aux_table(1,1)=1
2887 aux_table(1,2)=1
2888 aux_table(2,1)=2
2889 aux_table(2,2)=2
2890 aux_table(3,1)=3
2891 aux_table(3,2)=3
2892 aux_table(4,1)=1
2893 aux_table(4,2)=2
2894 aux_table(5,1)=1
2895 aux_table(5,2)=3
2896 aux_table(6,1)=2
2897 aux_table(6,2)=3
2898 C
2899 delta(1,1)=1
2900 delta(1,2)=0
2901 delta(1,3)=0
2902 delta(2,1)=0
2903 delta(2,2)=1
2904 delta(2,3)=0
2905 delta(3,1)=0
2906 delta(3,2)=0
2907 delta(3,3)=1
2908 C
2909 C
2910 zero = 0.0D0
2911 one = 1.0D0
2912 two = 2.0D0
2913 three = 3.0D0
2914 third = one/three
2915 half = 0.5D0
2916 twoThirds = two/three
2917 threeHalfs = 1.5D0
2918 four=4.0D0
2919 C
2920 Qoo=Q(1,1)+Q(2,2)+Q(3,3)
2921 C
2922 const1=three*C_gld/(sy**two)
2923 const2=two*q_*(g+one)*(g+f)*dcosh(k*sh_x/sy)*k**two/sy**two
2924 C
2925 do 10, r=1,6
2926 do 20, s=1,6
2927 sumau=0.0
2928 i=aux_table(r,1)
2929 j=aux_table(r,2)
2930 k_=aux_table(s,1)
2931 l=aux_table(s,2)
2932 C
2933 do 30, m=1,3
2934 do 40, n=1,3
2935 C
2936 sumau=sumau+(delta(i,m)*delta(j,n)-third*delta(i,j)*delta(m,n)
2937 1 + eta*X(i,j)*Q(m,n)-third*delta(m,n)*X(i,j)*Qoo)*
2938 1 (delta(k_,m)*delta(l,n)-third*delta(k_,l)*delta(m,n)
2939 1 + eta*X(k_,l)*Q(m,n)-third*delta(m,n)*X(k_,l)*Qoo)
2940 C
2941 40 continue
2942 30 continue
2943 C
2944 d2GLDdS2(r,s)=const1*sumau+const2*X(i,j)*X(k_,l)
2945 C
2946 20 continue
2947 10 continue
2948 C
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2949 C
2950 C
2951 return
2952 end
2953 C
2954 C
2955 C
2956 subroutine dGLDdA(
2957 C Input variables
2958 1 C_gld,sy,q_,g,f,k,X,Q,sh_x,eta,sigma_dev,alpha_dev,
2959 C Ouput
2960 2 dGLD_dA)
2961 C
2962 external vtt
2963 C
2964 real(8) C_gld,sy,q_,g,f,k,sh_x,eta
2965 real(8) X(3,3),Q(3,3),dGLD_dA(6),sigma_dev(6),
2966 1 alpha_dev(6),sigma_aux(3,3),alpha_aux(3,3)
2967 C
2968 C
2969 real(8) zero,one,two,three,four,half,threeHalfs,third,
2970 1 twoThirds
2971 C
2972 real(8) const1,const2,sumau
2973 C
2974 integer aux_table(6,2),delta(3,3),r,s,i,j,k_,l,m,n
2975 C
2976 aux_table(1,1)=1
2977 aux_table(1,2)=1
2978 aux_table(2,1)=2
2979 aux_table(2,2)=2
2980 aux_table(3,1)=3
2981 aux_table(3,2)=3
2982 aux_table(4,1)=1
2983 aux_table(4,2)=2
2984 aux_table(5,1)=1
2985 aux_table(5,2)=3
2986 aux_table(6,1)=2
2987 aux_table(6,2)=3
2988 C
2989 delta(1,1)=1
2990 delta(1,2)=0
2991 delta(1,3)=0
2992 delta(2,1)=0
2993 delta(2,2)=1
2994 delta(2,3)=0
2995 delta(3,1)=0
2996 delta(3,2)=0
2997 delta(3,3)=1
2998 C
2999 C
3000 zero = 0.0D0
3001 one = 1.0D0
3002 two = 2.0D0
3003 three = 3.0D0
3004 third = one/three
3005 half = 0.5D0
3006 twoThirds = two/three
3007 threeHalfs = 1.5D0
3008 four=4.0D0
3009 C
3010 C
3011 call vtt(sigma_dev,sigma_aux)
3012
3013
3014 C
3015 call vtt(alpha_dev,alpha_aux)
3016
3017
3018 C
3019 C
3020 Qmm=Q(1,1)+Q(2,2)+Q(3,3)
3021 sigma_dev_mm=sigma_dev(1)+sigma_dev(2)+sigma_dev(3)
3022 alpha_dev_mm=alpha_dev(1)+alpha_dev(2)+alpha_dev(3)
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3023 C
3024 const1=three*C_gld/(sy**two)
3025 const2=two*q_*(g+one)*(g+f)*dsinh(k*sh_x/sy)*k/sy
3026 C
3027 do 10, r=1,6
3028
3029 sumau=0.0D0
3030 i=aux_table(r,1)
3031 j=aux_table(r,2)
3032
3033 C
3034 do 30, k_=1,3
3035 do 40, l=1,3
3036 C
3037 sumau=sumau+(sigma_aux(k_,l)-alpha_aux(k_,l)+eta*sh_x*Q(k_,l)
3038 1 -third*(sigma_dev_mm-alpha_dev_mm+eta*sh_x*Qmm)*
3039 1 delta(k_,l))*(-delta(i,k_)*delta(j,l)+third*delta(i,j)*
3040 1 delta(k_,l)-eta*X(i,j)*Q(k_,l)+third*X(i,j)*
3041 1 Qmm*delta(k_,l))
3042 C
3043 C
3044 40 continue
3045 30 continue
3046 C
3047 dGLD_dA(r)=const1*sumau-const2*X(i,j)
3048 C
3049 C
3050 10 continue
3051 C
3052 C
3053 C
3054 return
3055 end
3056 C
3057 C
3058 C
3059 C
3060 subroutine d2GdSA(
3061 C Input variables
3062 1 C_gld,sy,q_,g,f,k,X,Q,sh_x,eta,
3063 C Ouput
3064 2 d2GLD_dSdA)
3065 C
3066 C
3067 C
3068 real(8) C_gld,sy,q_,g,f,k,sh_x,eta
3069 real(8) X(3,3),Q(3,3),d2GLD_dSdA(6,6)
3070 C
3071 C
3072 real(8) zero,one,two,three,four,half,threeHalfs,third,
3073 1 twoThirds
3074 C
3075 real(8) const1,const2,sumau
3076 C
3077 integer aux_table(6,2),delta(3,3),r,s,i,j,k_,l,m,n
3078 C
3079 aux_table(1,1)=1
3080 aux_table(1,2)=1
3081 aux_table(2,1)=2
3082 aux_table(2,2)=2
3083 aux_table(3,1)=3
3084 aux_table(3,2)=3
3085 aux_table(4,1)=1
3086 aux_table(4,2)=2
3087 aux_table(5,1)=1
3088 aux_table(5,2)=3
3089 aux_table(6,1)=2
3090 aux_table(6,2)=3
3091 C
3092 delta(1,1)=1
3093 delta(1,2)=0
3094 delta(1,3)=0
3095 delta(2,1)=0
3096 delta(2,2)=1
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3097 delta(2,3)=0
3098 delta(3,1)=0
3099 delta(3,2)=0
3100 delta(3,3)=1
3101 C
3102 C
3103 zero = 0.0D0
3104 one = 1.0D0
3105 two = 2.0D0
3106 three = 3.0D0
3107 third = one/three
3108 half = 0.5D0
3109 twoThirds = two/three
3110 threeHalfs = 1.5D0
3111 four=4.0D0
3112 C
3113 Qoo=Q(1,1)+Q(2,2)+Q(3,3)
3114 C
3115 const1=three*C_gld/(sy**two)
3116 const2=two*q_*(g+one)*(g+f)*cosh(k*sh_x/sy)*k**two/sy**two
3117 C
3118 do 10, r=1,6
3119 do 20, s=1,6
3120 sumau=0.0
3121 i=aux_table(r,1)
3122 j=aux_table(r,2)
3123 k_=aux_table(s,1)
3124 l=aux_table(s,2)
3125 C
3126 do 30, m=1,3
3127 do 40, n=1,3
3128 C
3129 sumau=sumau+(delta(i,m)*delta(j,n)-third*delta(i,j)*delta(m,n)
3130 1 + eta*X(i,j)*Q(m,n)-third*delta(m,n)*X(i,j)*Qoo)*
3131 1 (-1.0*delta(k_,m)*delta(l,n)+third*delta(k_,l)*delta(m,n)
3132 1 - eta*X(k_,l)*Q(m,n)+third*delta(m,n)*X(k_,l)*Qoo)
3133 C
3134 40 continue
3135 30 continue
3136 C
3137 d2GLD_dSdA(r,s)=const1*sumau-const2*X(i,j)*X(k_,l)
3138 C
3139 20 continue
3140 10 continue
3141 C
3142 C
3143 C
3144 C
3145 return
3146 end
3147 C
3148 C
3149 C
3150 subroutine dGdw(
3151 C Input variables
3152 1 sigma,alpha,f,w,sy,q_,n1_,n2_,n3_,
3153 2 phi,T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,X,Q,Tvm,
3154 3 sh_x,sigma_dev,alpha_dev,dStep,
3155 C Ouput variables
3156 4 dGLD_dw,ceta_w,csh_x_w,cg_w,ck_w,cC_gld_w)
3157 C
3158 external outer,cdcosh,cdsinh,cdasin,cdatanh
3159 C
3160 real(8) sigma(6),alpha(6),n1_(3),n2_(3),
3161 1 n3_(3),sigma_dev(6),alpha_dev(6),Q(3,3),X(3,3),
3162 2 aux_e1(3,3),aux_e2(3,3),aux_e3(3,3),Taux(6),Taux_dev(6)
3163 real(8) f,w,sy,q_,phi,sh_x,d,
3164 2 T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,Tvm,dGLD_dw,dGLD_df,
3165 3 dStep,tol_w
3166 C
3167 complex(8) ceta_w,csh_x_w,cg_w,ck_w,cC_gld_w
3168 C
3169 complex(8) zero,one,two,three,four,half,threeHalfs,third,
3170 1 twoThirds
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3171 C
3172 C parameter( zero = 0., one = 1., two = 2., three = 3.,
3173 C 1 third = one/three, half = .5, twoThirds = two/three,
3174 C 2 threeHalfs = 1.5, four=4. )
3175 C
3176 complex(8) cW,cF,ca1,ca2,cag,cg,ck,cC_gld,ceta,ce1,ce2,cd,cgf,
3177 1 cg1,cphi,cTvm,csh_x,csy,cq_,cS,hstar,qstar,sih,coh,cTaux(6),
3178 2 cX(3,3),cTaux_dev(6),cTaux_h,atace1,asince1,coshvar,cgam,fx,dfx,
3179 3 d2fdx2,tenth
3180 C
3181 call outer(n1_,n1_,aux_e1)
3182 call outer(n2_,n2_,aux_e2)
3183 call outer(n3_,n3_,aux_e3)
3184 C
3185 zero = dcmplx(0.0D0,0.0D0)
3186 one = dcmplx(1.0D0,0.0D0)
3187 two = dcmplx(2.0D0,0.0D0)
3188 three = dcmplx(3.0D0,0.0D0)
3189 third = one/three
3190 half = dcmplx(0.5D0,0.0D0)
3191 twoThirds = two/three
3192 threeHalfs = dcmplx(1.5D0,0.0D0)
3193 four=dcmplx(4.0D0,0.0D0)
3194 five=dcmplx(5.0D0,0.0D0)
3195 six=dcmplx(6.0D0,0.0D0)
3196 eight=dcmplx(8.0D0,0.0D0)
3197 nine=dcmplx(9.0D0,0.0D0)
3198 twse=dcmplx(27.0D0,0.0D0)
3199 tenth=dcmplx(0.1D0,0.0D0)
3200 C
3201 C
3202 C dStep=1e-7
3203 tol_w=0.01D0
3204 if (abs(w-one).le.tol_w) then
3205 cW=dcmplx(1.01D0,dStep)
3206 else
3207 cW=dcmplx(w,dStep)
3208 end if
3209
3210
3211 C cTvm=dcmplx(Tvm,0.0)
3212 C csh_x=dcmplx(sh_x,0.0)
3213 csy=dcmplx(sy,0.0D0)
3214 cq_=dcmplx(q_,0.0D0)
3215 cS=log(cW)
3216 C
3217 cf=dcmplx(f,0.0D0)
3218
3219
3220 C
3221 C
3222 if (w.ge.1.0D0) then
3223 C
3224 ce1=sqrt(one-exp(-two*cS))
3225 C
3226 cd=(one-ce1**two)/(cf*ce1**three)
3227 C
3228 c ce2=third*((twse*cd**two+three*sqrt(three)*sqrt(twse*cd**four-
3229 c 1 four*cd**two)-two)**(third)/(two**third*cd)+two**third/(
3230 c 2 cd*(twse*cd**two+three*sqrt(three)*sqrt(twse*cd**four-
3231 c 3 four*cd**two)-two)**third )-one/cd )
3232
3233 c Halley’s method to find e2
3234
3235 ce2=dcmplx(0.5D0,0.0D0)
3236 fx=(one-ce2**two)/ce2**three-cd
3237 dfx=(ce2**two-three)/ce2**four
3238 d2fdx2=-two*(ce2**two-six)/ce2**five
3239
3240 do 13, i=1,30
3241 ce2=ce2-two*fx*dfx/(two*dfx**two-fx*d2fdx2)
3242 fx=(one-ce2**two)/ce2**three-cd
3243 dfx=(ce2**two-three)/ce2**four
3244 d2fdx2=-two*(ce2**two-six)/ce2**five
51
Appendix A. UMAT
3245 if (abs(real(fx)).lt.1D-15) then
3246 GOTO 125
3247 endif
3248 13 continue
3249 C
3250 125 cg=dcmplx(0.0D0,0.0D0)
3251 C
3252 ck=one/(one/sqrt(three)+one/log(cf)*((sqrt(three)-two)*
3253 1 log(ce1/ce2)))
3254 C
3255 ca2=(one+ce2**two)/((one+ce2**two)**two+two*(one-ce2**two))
3256 C
3257 C
3258 call cdatanh(ce1,atace1)
3259 C
3260 ca1=(ce1-(one-ce1**two)*atace1)/(two*ce1**three)
3261 C write(*,*) "da1_dw=",da1_dw
3262 C write(*,*) "da1_df=",da1_df
3263 C
3264 cag=one/(three-ce1**two)
3265 C
3266 else
3267 C
3268 ce1=sqrt(one-exp(two*cS))
3269 C
3270 cgam=sqrt((one-ce1**two))/(cf*ce1**three)
3271 C
3272 ce2=sqrt((nine*cgam**four+sqrt(three)*sqrt(twse*cgam**eight
3273 1 +four*cgam**six))**(third)/((two)**(third)*(three)**
3274 2 (twoThirds)*cgam**two)-(twoThirds)**(third)/(nine*cgam**four+
3275 3 sqrt(three)*sqrt(twse*cgam**eight+four*cgam**six))**(third))
3276 C
3277 C
3278 ! ce2=dcmplx(0.005,0.0)
3279 ! fx=sqrt(one-ce2**two)/ce2**three-cgam
3280 ! dfx=(two*ce2**two-three)/(ce2**four*sqrt(one-ce2**two))
3281
3282 ! do 149, i=1,100
3283 ! ce2=ce2-fx/dfx
3284 ! if (real(ce2).ge.1.0) then
3285 ! ce2=one-((one-ce2)/ce2)*tenth
3286 ! endif
3287 ! fx=sqrt(one-ce2**two)/ce2**three-cgam
3288 ! dfx=(two*ce2**two-three)/(ce2**four*sqrt(one-ce2**two))
3289 ! if (abs(real(fx)).lt.1e-10) then
3290 ! GOTO 128
3291 ! endif
3292 ! 149 continue
3293
3294 128 cg=ce2**three/sqrt(one-ce2**two)
3295 C
3296 C
3297 cgf=cg/(cg+cf)
3298 C
3299 cg1=cg/(cg+one)
3300 C
3301 ck=threeHalfs*(one+((cgf-cg1)+four/five*(cgf**(five/two)-
3302 1 cg1**(five/two))-three/five*(cgf**five-cg1**five))/
3303 1 log(cgf/cg1))
3304 2 **(-one)
3305 C
3306 C
3307 C
3308 ca2=(one-ce2**two)*(one-two*ce2**two)/
3309 1 ((one-two*ce2**two)**two+two*(one-ce2**two))
3310 C
3311 call cdasin(ce1,asince1)
3312 C
3313 ca1=(-ce1*(one-ce1**two)+sqrt(one-ce1**two)*asince1)/
3314 1 (two*ce1**three)
3315 C
3316 C
3317 cag=(one-ce1**two)/(three-two*ce1**two)
3318 C
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3319 C
3320 end if
3321 C
3322 hstar=two*(ca1-ca2)
3323 qstar=one-cf
3324 C
3325 call cdsinh(ck*hstar,sih)
3326 call cdcosh(ck*hstar,coh)
3327
3328 ceta=(-twoThirds)*ck*qstar*(cg+one)*(cg+cf)*sih/((cg+one)
3329 1 **two+(cg+cf)**two
3330 1 +(cg+one)*(cg+cf)*(ck*hstar*sih-two*coh))
3331 C
3332 C
3333 cC_gld=-twoThirds*ck*(cg+one)*(cg+cf)*sih/
3334 1 ((qstar+threeHalfs*ceta*hstar)
3335 1 *ceta)
3336 C
3337 cX(1,1)=ca2*(dcmplx(aux_e1(1,1),0.0D0)+dcmplx(aux_e2(1,1),0.0D0))
3338 1 +(one-two*ca2)*dcmplx(aux_e3(1,1),0.0D0)
3339 cX(2,1)=ca2*(dcmplx(aux_e1(2,1),0.0D0)+dcmplx(aux_e2(2,1),0.0D0))
3340 1 +(one-two*ca2)*dcmplx(aux_e3(2,1),0.0D0)
3341 cX(3,1)=ca2*(dcmplx(aux_e1(3,1),0.0D0)+dcmplx(aux_e2(3,1),0.0D0))
3342 1 +(one-two*ca2)*dcmplx(aux_e3(3,1),0.0D0)
3343 cX(1,2)=ca2*(dcmplx(aux_e1(1,2),0.0D0)+dcmplx(aux_e2(1,2),0.0D0))
3344 1 +(one-two*ca2)*dcmplx(aux_e3(1,2),0.0D0)
3345 cX(2,2)=ca2*(dcmplx(aux_e1(2,2),0.0D0)+dcmplx(aux_e2(2,2),0.0D0))
3346 1 +(one-two*ca2)*dcmplx(aux_e3(2,2),0.0D0)
3347 cX(3,2)=ca2*(dcmplx(aux_e1(3,2),0.0D0)+dcmplx(aux_e2(3,2),0.0D0))
3348 1 +(one-two*ca2)*dcmplx(aux_e3(3,2),0.0D0)
3349 cX(1,3)=ca2*(dcmplx(aux_e1(1,3),0.0D0)+dcmplx(aux_e2(1,3),0.0D0))
3350 1 +(one-two*ca2)*dcmplx(aux_e3(1,3),0.0D0)
3351 cX(2,3)=ca2*(dcmplx(aux_e1(2,3),0.0D0)+dcmplx(aux_e2(2,3),0.0D0))
3352 1 +(one-two*ca2)*dcmplx(aux_e3(2,3),0.0D0)
3353 cX(3,3)=ca2*(dcmplx(aux_e1(3,3),0.0D0)+dcmplx(aux_e2(3,3),0.0D0))
3354 1 +(one-two*ca2)*dcmplx(aux_e3(3,3),0.0D0)
3355 C
3356 csh_x=(dcmplx(sigma(1),0.0D0)-dcmplx(alpha(1),0.0D0))*cX(1,1)+
3357 1 (dcmplx(sigma(2),0.0D0)-dcmplx(alpha(2),0.0D0))*cX(2,2)+
3358 1 (dcmplx(sigma(3),0.0D0)-dcmplx(alpha(3),0.0D0))*cX(3,3)+
3359 1 (dcmplx(sigma(4),0.0D0)-dcmplx(alpha(4),0.0D0))*cX(1,2)+
3360 2 (dcmplx(sigma(4),0.0D0)-dcmplx(alpha(4),0.0D0))*cX(2,1)+
3361 1 (dcmplx(sigma(5),0.0D0)-dcmplx(alpha(5),0.0D0))*cX(1,3)+
3362 3 (dcmplx(sigma(5),0.0D0)-dcmplx(alpha(5),0.0D0))*cX(3,1)+
3363 1 (dcmplx(sigma(6),0.0D0)-dcmplx(alpha(6),0.0D0))*cX(3,2)+
3364 4 (dcmplx(sigma(6),0.0D0)-dcmplx(alpha(6),0.0D0))*cX(2,3)
3365 C
3366 cTaux(1)=dcmplx(sigma_dev(1),0.0D0)-dcmplx(alpha_dev(1),0.0D0)+
3367 1 ceta*csh_x*dcmplx(Q(1,1),0.0D0)
3368 cTaux(2)=dcmplx(sigma_dev(2),0.0D0)-dcmplx(alpha_dev(2),0.0D0)+
3369 1 ceta*csh_x*dcmplx(Q(2,2),0.0D0)
3370 cTaux(3)=dcmplx(sigma_dev(3),0.0D0)-dcmplx(alpha_dev(3),0.0D0)+
3371 1 ceta*csh_x*dcmplx(Q(3,3),0.0D0)
3372 cTaux(4)=dcmplx(sigma_dev(4),0.0D0)-dcmplx(alpha_dev(4),0.0D0)+
3373 1 ceta*csh_x*dcmplx(Q(1,2),0.0D0)
3374 cTaux(5)=dcmplx(sigma_dev(5),0.0D0)-dcmplx(alpha_dev(5),0.0D0)+
3375 1 ceta*csh_x*dcmplx(Q(1,3),0.0D0)
3376 cTaux(6)=dcmplx(sigma_dev(6),0.0D0)-dcmplx(alpha_dev(6),0.0D0)+
3377 1 ceta*csh_x*dcmplx(Q(2,3),0.0D0)
3378 C
3379 cTaux_h=third*(cTaux(1)+cTaux(2)+cTaux(3))
3380 C
3381 C
3382 cTaux_dev(1)=cTaux(1)-cTaux_h
3383 cTaux_dev(2)=cTaux(2)-cTaux_h
3384 cTaux_dev(3)=cTaux(3)-cTaux_h
3385 cTaux_dev(4)=cTaux(4)
3386 cTaux_dev(5)=cTaux(5)
3387 cTaux_dev(6)=cTaux(6)
3388 C
3389 C
3390 cTvm=sqrt(threeHalfs*(cTaux_dev(1)**two+cTaux_dev(2)**two+
3391 1 cTaux_dev(3)**two+two*cTaux_dev(4)**two+two*cTaux_dev(5)**two+
3392 2 two*cTaux_dev(6)**two))
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3393 C
3394 call cdcosh(ck*csh_x/csy,coshvar)
3395 C
3396 cphi=cC_gld*(cTvm**two)/(csy**two)+two*cq_*(cg+one)*(cg+cf)*
3397 1 coshvar-(cg+one)**two-cq_**two*(cg+cf)**two
3398 C
3399 dGLD_dw=aimag(cphi)/dStep
3400 C
3401 ceta_w=ceta
3402 csh_x_w=csh_x
3403 cg_w=cg
3404 ck_w=ck
3405 cC_gld_w=cC_gld
3406 C
3407 C
3408 return
3409 end
3410 C
3411 subroutine dGdf(
3412 C Input variables
3413 1 sigma,alpha,f,w,sy,q_,n1_,n2_,n3_,
3414 2 phi,T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,X,Q,Tvm,
3415 3 sh_x,sigma_dev,alpha_dev,dStep,
3416 C Ouput variables
3417 4 dGLD_df,ceta_f,csh_x_f,cg_f,ck_f,cC_gld_f)
3418 C
3419 external outer,cdcosh,cdsinh,cdasin,cdatanh
3420 C
3421 real(8) sigma(6),alpha(6),n1_(3),n2_(3),
3422 1 n3_(3),sigma_dev(6),alpha_dev(6),Q(3,3),X(3,3),
3423 2 aux_e1(3,3),aux_e2(3,3),aux_e3(3,3),Taux(6),Taux_dev(6)
3424 real(8) f,w,sy,q_,phi,sh_x,d,
3425 2 T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,Tvm,dGLD_dw,dGLD_df,
3426 3 dStep,tol_w
3427 C
3428 complex(8) ceta_f,csh_x_f,cg_f,ck_f,cC_gld_f
3429 C
3430 complex(8) zero,one,two,three,four,half,threeHalfs,third,
3431 1 twoThirds
3432 C
3433 C
3434 complex(8) cW,cF,ca1,ca2,cag,cg,ck,cC_gld,ceta,ce1,ce2,cd,cgf,
3435 1 cg1,cphi,cTvm,csh_x,csy,cq_,cS,hstar,qstar,sih,coh,cTaux(6),
3436 2 cX(3,3),cTaux_dev(6),cTaux_h,atace1,asince1,coshvar,cgam,fx,dfx,
3437 3 d2fdx2,tenth
3438 C
3439 call outer(n1_,n1_,aux_e1)
3440 call outer(n2_,n2_,aux_e2)
3441 call outer(n3_,n3_,aux_e3)
3442 C
3443 zero = dcmplx(0.0D0,0.0D0)
3444 one = dcmplx(1.0D0,0.0D0)
3445 two = dcmplx(2.0D0,0.0D0)
3446 three = dcmplx(3.0D0,0.0D0)
3447 third = one/three
3448 half = dcmplx(0.5D0,0.0D0)
3449 twoThirds = two/three
3450 threeHalfs = dcmplx(1.5D0,0.0D0)
3451 four=dcmplx(4.0D0,0.0D0)
3452 five=dcmplx(5.0D0,0.0D0)
3453 six=dcmplx(6.0D0,0.0D0)
3454 eight=dcmplx(8.0D0,0.0D0)
3455 nine=dcmplx(9.0D0,0.0D0)
3456 twse=dcmplx(27.0D0,0.0D0)
3457 tenth=dcmplx(0.1D0,0.0D0)
3458 C
3459 C
3460 tol_w=0.01D0
3461
3462 if (abs(w-one).le.tol_w) then
3463 cW=dcmplx(1.01D0,0.0D0)
3464 else
3465 cW=dcmplx(w,0.0D0)
3466 end if
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3467
3468 C cTvm=dcmplx(Tvm,0.0)
3469 C csh_x=dcmplx(sh_x,0.0)
3470 csy=dcmplx(sy,0.0D0)
3471 cq_=dcmplx(q_,0.0D0)
3472 cS=log(cW)
3473 C
3474 cf=dcmplx(f,dStep)
3475
3476 C
3477 C
3478 if (w.ge.1.0D0) then
3479 C
3480 ce1=sqrt(one-exp(-two*cS))
3481 C
3482 cd=(one-ce1**two)/(cf*ce1**three)
3483 C
3484 c ce2=third*((twse*cd**two+three*sqrt(three)*sqrt(twse*cd**four-
3485 c 1 four*cd**two)-two)**(third)/(two**third*cd)+two**third/(
3486 c 2 cd*(twse*cd**two+three*sqrt(three)*sqrt(twse*cd**four-
3487 c 3 four*cd**two)-two)**third )-one/cd )
3488
3489 c Halley’s method to find e2
3490
3491 ce2=dcmplx(0.5D0,0.0D0)
3492 fx=(one-ce2**two)/ce2**three-cd
3493 dfx=(ce2**two-three)/ce2**four
3494 d2fdx2=-two*(ce2**two-six)/ce2**five
3495
3496 do 13, i=1,30
3497 ce2=ce2-two*fx*dfx/(two*dfx**two-fx*d2fdx2)
3498 fx=(one-ce2**two)/ce2**three-cd
3499 dfx=(ce2**two-three)/ce2**four
3500 d2fdx2=-two*(ce2**two-six)/ce2**five
3501 if (abs(real(fx)).lt.1D-15) then
3502 GOTO 126
3503 endif
3504 13 continue
3505 C
3506 126 cg=dcmplx(0.0D0,0.0D0)
3507 C
3508 ck=one/(one/sqrt(three)+one/log(cf)*((sqrt(three)-two)*
3509 1 log(ce1/ce2)))
3510 C
3511 ca2=(one+ce2**two)/((one+ce2**two)**two+two*(one-ce2**two))
3512 C
3513 C
3514 call cdatanh(ce1,atace1)
3515 C
3516 ca1=(ce1-(one-ce1**two)*atace1)/(two*ce1**three)
3517 C
3518 cag=one/(three-ce1**two)
3519 C
3520 else
3521 C
3522 ce1=sqrt(one-exp(two*cS))
3523 C
3524 cgam=sqrt((one-ce1**two))/(cf*ce1**three)
3525 C
3526 ce2=sqrt((nine*cgam**four+sqrt(three)*sqrt(twse*cgam**eight
3527 1 +four*cgam**six))**(third)/((two)**(third)*(three)**
3528 2 (twoThirds)*cgam**two)-(twoThirds)**(third)/(nine*cgam**four+
3529 3 sqrt(three)*sqrt(twse*cgam**eight+four*cgam**six))**(third))
3530 C
3531 ! ce2=dcmplx(0.005,0.0)
3532 ! fx=sqrt(one-ce2**two)/ce2**three-cgam
3533 ! dfx=(two*ce2**two-three)/(ce2**four*sqrt(one-ce2**two))
3534
3535 ! do 149, i=1,100
3536 ! ce2=ce2-fx/dfx
3537 ! if (real(ce2).ge.1.0) then
3538 ! ce2=one-((one-ce2)/ce2)*tenth
3539 ! endif
3540 ! fx=sqrt(one-ce2**two)/ce2**three-cgam
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3541 ! dfx=(two*ce2**two-three)/(ce2**four*sqrt(one-ce2**two))
3542 ! if (abs(real(fx)).lt.1e-10) then
3543 ! GOTO 129
3544 ! endif
3545 ! 149 continue
3546 C
3547 129 cg=ce2**three/sqrt(one-ce2**two)
3548 C
3549 C
3550 cgf=cg/(cg+cf)
3551 C
3552 cg1=cg/(cg+one)
3553 C
3554 ck=threeHalfs*(one+((cgf-cg1)+four/five*(cgf**(five/two)-
3555 1 cg1**(five/two))-three/five*(cgf**five-cg1**five))/
3556 1 log(cgf/cg1))
3557 2 **(-one)
3558 C
3559 C
3560 C
3561 ca2=(one-ce2**two)*(one-two*ce2**two)/
3562 1 ((one-two*ce2**two)**two+two*(one-ce2**two))
3563 C
3564 call cdasin(ce1,asince1)
3565 C
3566 ca1=(-ce1*(one-ce1**two)+sqrt(one-ce1**two)*asince1)/
3567 1 (two*ce1**three)
3568 C
3569 C
3570 cag=(one-ce1**two)/(three-two*ce1**two)
3571 C
3572 end if
3573 C
3574 hstar=two*(ca1-ca2)
3575 qstar=one-cf
3576 C
3577 call cdsinh(ck*hstar,sih)
3578 C sih=sinh(ck*hstar)
3579 call cdcosh(ck*hstar,coh)
3580 C coh=cosh(ck*hstar)
3581
3582 ceta=(-twoThirds)*ck*qstar*(cg+one)*(cg+cf)*sih/((cg+one)
3583 1 **two+(cg+cf)**two
3584 1 +(cg+one)*(cg+cf)*(ck*hstar*sih-two*coh))
3585 C
3586 C
3587 cC_gld=-twoThirds*ck*(cg+one)*(cg+cf)*sih/
3588 1 ((qstar+threeHalfs*ceta*hstar)
3589 1 *ceta)
3590 C
3591 cX(1,1)=ca2*(dcmplx(aux_e1(1,1),0.0D0)+dcmplx(aux_e2(1,1),0.0D0))
3592 1 +(one-two*ca2)*dcmplx(aux_e3(1,1),0.0D0)
3593 cX(2,1)=ca2*(dcmplx(aux_e1(2,1),0.0D0)+dcmplx(aux_e2(2,1),0.0D0))
3594 1 +(one-two*ca2)*dcmplx(aux_e3(2,1),0.0D0)
3595 cX(3,1)=ca2*(dcmplx(aux_e1(3,1),0.0D0)+dcmplx(aux_e2(3,1),0.0D0))
3596 1 +(one-two*ca2)*dcmplx(aux_e3(3,1),0.0D0)
3597 cX(1,2)=ca2*(dcmplx(aux_e1(1,2),0.0D0)+dcmplx(aux_e2(1,2),0.0D0))
3598 1 +(one-two*ca2)*dcmplx(aux_e3(1,2),0.0D0)
3599 cX(2,2)=ca2*(dcmplx(aux_e1(2,2),0.0D0)+dcmplx(aux_e2(2,2),0.0D0))
3600 1 +(one-two*ca2)*dcmplx(aux_e3(2,2),0.0D0)
3601 cX(3,2)=ca2*(dcmplx(aux_e1(3,2),0.0D0)+dcmplx(aux_e2(3,2),0.0D0))
3602 1 +(one-two*ca2)*dcmplx(aux_e3(3,2),0.0D0)
3603 cX(1,3)=ca2*(dcmplx(aux_e1(1,3),0.0D0)+dcmplx(aux_e2(1,3),0.0D0))
3604 1 +(one-two*ca2)*dcmplx(aux_e3(1,3),0.0D0)
3605 cX(2,3)=ca2*(dcmplx(aux_e1(2,3),0.0D0)+dcmplx(aux_e2(2,3),0.0D0))
3606 1 +(one-two*ca2)*dcmplx(aux_e3(2,3),0.0D0)
3607 cX(3,3)=ca2*(dcmplx(aux_e1(3,3),0.0D0)+dcmplx(aux_e2(3,3),0.0D0))
3608 1 +(one-two*ca2)*dcmplx(aux_e3(3,3),0.0D0)
3609 C
3610 csh_x=(dcmplx(sigma(1),0.0D0)-dcmplx(alpha(1),0.0D0))*cX(1,1)+
3611 1 (dcmplx(sigma(2),0.0D0)-dcmplx(alpha(2),0.0D0))*cX(2,2)+
3612 1 (dcmplx(sigma(3),0.0D0)-dcmplx(alpha(3),0.0D0))*cX(3,3)+
3613 1 (dcmplx(sigma(4),0.0D0)-dcmplx(alpha(4),0.0D0))*cX(1,2)+
3614 2 (dcmplx(sigma(4),0.0D0)-dcmplx(alpha(4),0.0D0))*cX(2,1)+
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3615 1 (dcmplx(sigma(5),0.0D0)-dcmplx(alpha(5),0.0D0))*cX(1,3)+
3616 3 (dcmplx(sigma(5),0.0D0)-dcmplx(alpha(5),0.0D0))*cX(3,1)+
3617 1 (dcmplx(sigma(6),0.0D0)-dcmplx(alpha(6),0.0D0))*cX(3,2)+
3618 4 (dcmplx(sigma(6),0.0D0)-dcmplx(alpha(6),0.0D0))*cX(2,3)
3619 C
3620 cTaux(1)=dcmplx(sigma_dev(1),0.0D0)-dcmplx(alpha_dev(1),0.0D0)+
3621 1 ceta*csh_x*dcmplx(Q(1,1),0.0D0)
3622 cTaux(2)=dcmplx(sigma_dev(2),0.0D0)-dcmplx(alpha_dev(2),0.0D0)+
3623 1 ceta*csh_x*dcmplx(Q(2,2),0.0D0)
3624 cTaux(3)=dcmplx(sigma_dev(3),0.0D0)-dcmplx(alpha_dev(3),0.0D0)+
3625 1 ceta*csh_x*dcmplx(Q(3,3),0.0D0)
3626 cTaux(4)=dcmplx(sigma_dev(4),0.0D0)-dcmplx(alpha_dev(4),0.0D0)+
3627 1 ceta*csh_x*dcmplx(Q(1,2),0.0D0)
3628 cTaux(5)=dcmplx(sigma_dev(5),0.0D0)-dcmplx(alpha_dev(5),0.0D0)+
3629 1 ceta*csh_x*dcmplx(Q(1,3),0.0D0)
3630 cTaux(6)=dcmplx(sigma_dev(6),0.0D0)-dcmplx(alpha_dev(6),0.0D0)+
3631 1 ceta*csh_x*dcmplx(Q(2,3),0.0D0)
3632 C
3633 cTaux_h=third*(cTaux(1)+cTaux(2)+cTaux(3))
3634 C
3635 C
3636 cTaux_dev(1)=cTaux(1)-cTaux_h
3637 cTaux_dev(2)=cTaux(2)-cTaux_h
3638 cTaux_dev(3)=cTaux(3)-cTaux_h
3639 cTaux_dev(4)=cTaux(4)
3640 cTaux_dev(5)=cTaux(5)
3641 cTaux_dev(6)=cTaux(6)
3642 C
3643 C
3644 cTvm=sqrt(threeHalfs*(cTaux_dev(1)**two+cTaux_dev(2)**two+
3645 1 cTaux_dev(3)**two+two*cTaux_dev(4)**two+two*cTaux_dev(5)**two+
3646 2 two*cTaux_dev(6)**two))
3647 C
3648 call cdcosh(ck*csh_x/csy,coshvar)
3649 C
3650 cphi=cC_gld*(cTvm**two)/(csy**two)+two*cq_*(cg+one)*(cg+cf)*
3651 1 coshvar-(cg+one)**two-cq_**two*(cg+cf)**two
3652 C
3653 dGLD_df=aimag(cphi)/dStep
3654 C
3655 ceta_f=ceta
3656 csh_x_f=csh_x
3657 cg_f=cg
3658 ck_f=ck
3659 cC_gld_f=cC_gld
3660 C
3661 C
3662 return
3663 end
3664 C
3665 C
3666 subroutine d2GdSw(
3667 C Input variables
3668 1 sigma_dev,alpha_dev,f,dStep,sy,X,Q,q_,
3669 3 ceta_w,csh_x_w,cg_w,ck_w,cC_gld_w,
3670 C Output variables
3671 2 d2GLD_dSdw
3672 3 )
3673 C
3674 C
3675 real(8) sigma_dev(6),alpha_dev(6),Q(3,3),X(3,3),d2GLD_dSdw(6)
3676
3677 real(8) sy,q_,f,dStep
3678 C
3679 complex(8) ceta_w,csh_x_w,cg_w,ck_w,cC_gld_w
3680 C
3681 C
3682 complex(8) zero,one,two,three,four,half,threeHalfs,third,
3683 1 twoThirds
3684 C
3685 C
3686 complex(8) cQ(3,3),cX(3,3),csigma_dev(6),calpha_dev(6),
3687 1 Cd2GLD_dSdw(6)
3688 C
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3689 complex(8) ceta,csh_x,cg,ck,cC_gld,csy,cq_,cf
3690 C
3691 complex(8) cQmm,auxMM,sih
3692 C
3693 integer(4) i,j
3694 C
3695 external cdsinh
3696 C
3697 zero = dcmplx(0.0D0,0.0D0)
3698 one = dcmplx(1.0D0,0.0D0)
3699 two = dcmplx(2.0D0,0.0D0)
3700 three = dcmplx(3.0D0,0.0D0)
3701 third = one/three
3702 half = dcmplx(0.5D0,0.0D0)
3703 twoThirds = two/three
3704 threeHalfs = dcmplx(1.5D0,0.0D0)
3705 four=dcmplx(4.0D0,0.0D0)
3706 C
3707 ceta=ceta_w
3708 csh_x=csh_x_w
3709 cg=cg_w
3710 ck=ck_w
3711 cC_gld=cC_gld_w
3712 csy=dcmplx(sy,0.0D0)
3713 cq_=dcmplx(q_,0.0D0)
3714 cf=dcmplx(f,0.0D0)
3715 C
3716 do 12, i=1,3
3717 do 13, j=1,3
3718 C
3719 cQ(i,j)=dcmplx(Q(i,j),0.0D0)
3720 cX(i,j)=dcmplx(X(i,j),0.0D0)
3721 C
3722 13 continue
3723 12 continue
3724 C
3725 do 14, j=1,6
3726 C
3727 csigma_dev(j)=dcmplx(sigma_dev(j),0.0D0)
3728 calpha_dev(j)=dcmplx(alpha_dev(j),0.0D0)
3729 C
3730 14 continue
3731
3732 cQmm=cQ(1,1)+cQ(2,2)+cQ(3,3)
3733 C
3734 auxMM=csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)+
3735 1 csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2) +
3736 2 csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)
3737 C
3738 call cdsinh(ck*csh_x/csy,sih)
3739 C
3740 Cd2GLD_dSdw(1)=cC_gld*three/(csy**two)*(
3741 1 (csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)-third*auxMM)*
3742 2 (one-third+ceta*cX(1,1)*cQ(1,1)-
3743 3 third*(ceta*cX(1,1)*Qmm))+
3744 C
3745 4 (csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2)-third*auxMM)*
3746 5 (-one*third+ceta*cX(1,1)*cQ(2,2)-
3747 6 third*(ceta*cX(1,1)*Qmm))+
3748 C
3749 7 (csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)-third*auxMM)*
3750 8 (-one*third+ceta*cX(1,1)*cQ(3,3)-
3751 9 third*(ceta*cX(1,1)*Qmm)) +
3752 C
3753 1 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(1,2))*
3754 2 (ceta*cX(1,1)*cQ(1,2)) +
3755 3 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(2,1))*
3756 4 (ceta*cX(1,1)*cQ(2,1)) +
3757 C
3758 5 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(1,3))*
3759 6 (ceta*cX(1,1)*cQ(1,3)) +
3760 7 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(3,1))*
3761 8 (ceta*cX(1,1)*cQ(3,1)) +
3762 C
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3763 9 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(2,3))*
3764 1 (ceta*cX(1,1)*cQ(2,3)) +
3765 2 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(3,2))*
3766 3 (ceta*cX(1,1)*cQ(3,2)) ) +
3767 C
3768 5 two*cq_*(cg+one)*(cg+cf)*sih*ck/csy*cX(1,1)
3769 C
3770 C
3771 Cd2GLD_dSdw(2)=cC_gld*three/(csy**two)*(
3772 1 (csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)-third*auxMM)*
3773 2 (-one*third+ceta*cX(2,2)*cQ(1,1)-
3774 3 third*(ceta*cX(2,2)*Qmm))+
3775 C
3776 4 (csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2)-third*auxMM)*
3777 5 (one-one*third+ceta*cX(2,2)*cQ(2,2)-
3778 6 third*(ceta*cX(2,2)*Qmm))+
3779 C
3780 7 (csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)-third*auxMM)*
3781 8 (-one*third+ceta*cX(2,2)*cQ(3,3)-
3782 9 third*(ceta*cX(2,2)*Qmm)) +
3783 C
3784 1 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(1,2))*
3785 2 (ceta*cX(2,2)*cQ(1,2)) +
3786 3 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(2,1))*
3787 4 (ceta*cX(2,2)*cQ(2,1)) +
3788 C
3789 5 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(1,3))*
3790 6 (ceta*cX(2,2)*cQ(1,3)) +
3791 7 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(3,1))*
3792 8 (ceta*cX(2,2)*cQ(3,1)) +
3793 C
3794 9 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(2,3))*
3795 1 (ceta*cX(2,2)*cQ(2,3)) +
3796 2 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(3,2))*
3797 3 (ceta*cX(2,2)*cQ(3,2)) ) +
3798 C
3799 5 two*cq_*(cg+one)*(cg+cf)*sih*ck/csy*cX(2,2)
3800 C
3801 C
3802 C
3803 Cd2GLD_dSdw(3)=cC_gld*three/(csy**two)*(
3804 1 (csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)-third*auxMM)*
3805 2 (-one*third+ceta*cX(3,3)*cQ(1,1)-
3806 3 third*(ceta*cX(3,3)*Qmm))+
3807 C
3808 4 (csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2)-third*auxMM)*
3809 5 (-one*third+ceta*cX(3,3)*cQ(2,2)-
3810 6 third*(ceta*cX(3,3)*Qmm))+
3811 C
3812 7 (csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)-third*auxMM)*
3813 8 (one-one*third+ceta*cX(3,3)*cQ(3,3)-
3814 9 third*(ceta*cX(3,3)*Qmm)) +
3815 C
3816 1 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(1,2))*
3817 2 (ceta*cX(3,3)*cQ(1,2)) +
3818 3 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(2,1))*
3819 4 (ceta*cX(3,3)*cQ(2,1)) +
3820 C
3821 5 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(1,3))*
3822 6 (ceta*cX(3,3)*cQ(1,3)) +
3823 7 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(3,1))*
3824 8 (ceta*cX(3,3)*cQ(3,1)) +
3825 C
3826 9 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(2,3))*
3827 1 (ceta*cX(3,3)*cQ(2,3)) +
3828 2 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(3,2))*
3829 3 (ceta*cX(3,3)*cQ(3,2)) ) +
3830 C
3831 5 two*cq_*(cg+one)*(cg+cf)*sih*ck/csy*cX(3,3)
3832 C
3833 C
3834 C
3835 C
3836 Cd2GLD_dSdw(4)=cC_gld*three/(csy**two)*(
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3837 1 (csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)-third*auxMM)*
3838 2 (ceta*cX(1,2)*cQ(1,1)-
3839 3 third*(ceta*cX(1,2)*Qmm))+
3840 C
3841 4 (csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2)-third*auxMM)*
3842 5 (ceta*cX(1,2)*cQ(2,2)-
3843 6 third*(ceta*cX(1,2)*Qmm))+
3844 C
3845 7 (csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)-third*auxMM)*
3846 8 (ceta*cX(1,2)*cQ(3,3)-
3847 9 third*(ceta*cX(1,2)*Qmm)) +
3848 C
3849 1 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(1,2))*
3850 2 (one+ceta*cX(1,2)*cQ(1,2)) +
3851 3 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(2,1))*
3852 4 (ceta*cX(1,2)*cQ(2,1)) +
3853 C
3854 5 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(1,3))*
3855 6 (ceta*cX(1,2)*cQ(1,3)) +
3856 7 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(3,1))*
3857 8 (ceta*cX(1,2)*cQ(3,1)) +
3858 C
3859 9 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(2,3))*
3860 1 (ceta*cX(1,2)*cQ(2,3)) +
3861 2 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(3,2))*
3862 3 (ceta*cX(1,2)*cQ(3,2)) ) +
3863 C
3864 5 two*cq_*(cg+one)*(cg+cf)*sih*ck/csy*cX(1,2)
3865 C
3866 C
3867 C
3868 Cd2GLD_dSdw(6)=cC_gld*three/(csy**two)*(
3869 1 (csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)-third*auxMM)*
3870 2 (ceta*cX(2,3)*cQ(1,1)-
3871 3 third*(ceta*cX(2,3)*Qmm))+
3872 C
3873 4 (csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2)-third*auxMM)*
3874 5 (ceta*cX(2,3)*cQ(2,2)-
3875 6 third*(ceta*cX(2,3)*Qmm))+
3876 C
3877 7 (csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)-third*auxMM)*
3878 8 (ceta*cX(2,3)*cQ(3,3)-
3879 9 third*(ceta*cX(2,3)*Qmm)) +
3880 C
3881 1 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(1,2))*
3882 2 (ceta*cX(2,3)*cQ(1,2)) +
3883 3 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(2,1))*
3884 4 (ceta*cX(2,3)*cQ(2,1)) +
3885 C
3886 5 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(1,3))*
3887 6 (one+ceta*cX(2,3)*cQ(1,3)) +
3888 7 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(3,1))*
3889 8 (ceta*cX(2,3)*cQ(3,1)) +
3890 C
3891 9 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(2,3))*
3892 1 (ceta*cX(2,3)*cQ(2,3)) +
3893 2 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(3,2))*
3894 3 (ceta*cX(2,3)*cQ(3,2)) ) +
3895 C
3896 5 two*cq_*(cg+one)*(cg+cf)*sih*ck/csy*cX(2,3)
3897 C
3898 C
3899 C
3900 Cd2GLD_dSdw(5)=cC_gld*three/(csy**two)*(
3901 1 (csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)-third*auxMM)*
3902 2 (ceta*cX(1,3)*cQ(1,1)-
3903 3 third*(ceta*cX(1,3)*Qmm))+
3904 C
3905 4 (csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2)-third*auxMM)*
3906 5 (ceta*cX(1,3)*cQ(2,2)-
3907 6 third*(ceta*cX(1,3)*Qmm))+
3908 C
3909 7 (csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)-third*auxMM)*
3910 8 (ceta*cX(1,3)*cQ(3,3)-
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3911 9 third*(ceta*cX(1,3)*Qmm)) +
3912 C
3913 1 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(1,2))*
3914 2 (ceta*cX(1,3)*cQ(1,2)) +
3915 3 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(2,1))*
3916 4 (ceta*cX(1,3)*cQ(2,1)) +
3917 C
3918 5 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(1,3))*
3919 6 (ceta*cX(1,3)*cQ(1,3)) +
3920 7 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(3,1))*
3921 8 (ceta*cX(1,3)*cQ(3,1)) +
3922 C
3923 9 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(2,3))*
3924 1 (one+ceta*cX(1,3)*cQ(2,3)) +
3925 2 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(3,2))*
3926 3 (ceta*cX(1,3)*cQ(3,2)) ) +
3927 C
3928 5 two*cq_*(cg+one)*(cg+cf)*sih*ck/csy*cX(1,3)
3929 C
3930 do 15, i=1,6
3931 d2GLD_dSdw(i)=aimag(Cd2GLD_dSdw(i))/dStep
3932 15 continue
3933 C
3934 C
3935 return
3936 C
3937 end
3938 C
3939 C
3940 subroutine d2GdSf(
3941 C Input variables
3942 1 sigma_dev,alpha_dev,f,dStep,sy,X,Q,q_,
3943 3 ceta_f,csh_x_f,cg_f,ck_f,cC_gld_f,
3944 C Output variables
3945 2 d2GLD_dSdf
3946 3 )
3947 C
3948 C
3949 real(8) sigma_dev(6),alpha_dev(6),Q(3,3),X(3,3),d2GLD_dSdf(6)
3950
3951 real(8) sy,q_,f,dStep
3952 C
3953 complex(8) ceta_f,csh_x_f,cg_f,ck_f,cC_gld_f
3954 C
3955 C
3956 complex(8) zero,one,two,three,four,half,threeHalfs,third,
3957 1 twoThirds
3958 C
3959 C
3960 complex(8) cQ(3,3),cX(3,3),csigma_dev(6),calpha_dev(6),
3961 1 Cd2GLD_dSdf(6)
3962 C
3963 complex(8) ceta,csh_x,cg,ck,cC_gld,csy,cq_,cf
3964 C
3965 complex(8) cQmm,auxMM,sih
3966 C
3967 integer(4) i,j
3968 C
3969 external cdsinh
3970 C
3971 C
3972 zero = dcmplx(0.0D0,0.0D0)
3973 one = dcmplx(1.0D0,0.0D0)
3974 two = dcmplx(2.0D0,0.0D0)
3975 three = dcmplx(3.0D0,0.0D0)
3976 third = one/three
3977 half = dcmplx(0.5D0,0.0D0)
3978 twoThirds = two/three
3979 threeHalfs = dcmplx(1.5D0,0.0D0)
3980 four=dcmplx(4.0D0,0.0D0)
3981 C
3982 ceta=ceta_f
3983 csh_x=csh_x_f
3984 cg=cg_f
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3985 ck=ck_f
3986 cC_gld=cC_gld_f
3987 csy=dcmplx(sy,0.0D0)
3988 cq_=dcmplx(q_,0.0D0)
3989 cf=dcmplx(f,dStep)
3990 C
3991 C
3992 C
3993 C
3994 do 12, i=1,3
3995 do 13, j=1,3
3996 C
3997 cQ(i,j)=dcmplx(Q(i,j),0.0D0)
3998 cX(i,j)=dcmplx(X(i,j),0.0D0)
3999 C
4000 13 continue
4001 12 continue
4002 C
4003 do 14, j=1,6
4004 C
4005 csigma_dev(j)=dcmplx(sigma_dev(j),0.0D0)
4006 calpha_dev(j)=dcmplx(alpha_dev(j),0.0D0)
4007 C
4008 14 continue
4009
4010 cQmm=cQ(1,1)+cQ(2,2)+cQ(3,3)
4011 C write(*,*) "cQ(2,1)=",cQ(2,1)
4012 C write(*,*) "q_=",q_
4013 C
4014 auxMM=csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)+
4015 1 csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2) +
4016 2 csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)
4017 C
4018 call cdsinh(ck*csh_x/csy,sih)
4019 C
4020 Cd2GLD_dSdf(1)=cC_gld*three/(csy**two)*(
4021 1 (csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)-third*auxMM)*
4022 2 (one-third+ceta*cX(1,1)*cQ(1,1)-
4023 3 third*(ceta*cX(1,1)*Qmm))+
4024 C
4025 4 (csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2)-third*auxMM)*
4026 5 (-one*third+ceta*cX(1,1)*cQ(2,2)-
4027 6 third*(ceta*cX(1,1)*Qmm))+
4028 C
4029 7 (csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)-third*auxMM)*
4030 8 (-one*third+ceta*cX(1,1)*cQ(3,3)-
4031 9 third*(ceta*cX(1,1)*Qmm)) +
4032 C
4033 1 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(1,2))*
4034 2 (ceta*cX(1,1)*cQ(1,2)) +
4035 3 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(2,1))*
4036 4 (ceta*cX(1,1)*cQ(2,1)) +
4037 C
4038 5 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(1,3))*
4039 6 (ceta*cX(1,1)*cQ(1,3)) +
4040 7 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(3,1))*
4041 8 (ceta*cX(1,1)*cQ(3,1)) +
4042 C
4043 9 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(2,3))*
4044 1 (ceta*cX(1,1)*cQ(2,3)) +
4045 2 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(3,2))*
4046 3 (ceta*cX(1,1)*cQ(3,2)) ) +
4047 C
4048 5 two*cq_*(cg+one)*(cg+cf)*sih*ck/csy*cX(1,1)
4049 C
4050 C
4051 Cd2GLD_dSdf(2)=cC_gld*three/(csy**two)*(
4052 1 (csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)-third*auxMM)*
4053 2 (-one*third+ceta*cX(2,2)*cQ(1,1)-
4054 3 third*(ceta*cX(2,2)*Qmm))+
4055 C
4056 4 (csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2)-third*auxMM)*
4057 5 (one-one*third+ceta*cX(2,2)*cQ(2,2)-
4058 6 third*(ceta*cX(2,2)*Qmm))+
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4059 C
4060 7 (csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)-third*auxMM)*
4061 8 (-one*third+ceta*cX(2,2)*cQ(3,3)-
4062 9 third*(ceta*cX(2,2)*Qmm)) +
4063 C
4064 1 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(1,2))*
4065 2 (ceta*cX(2,2)*cQ(1,2)) +
4066 3 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(2,1))*
4067 4 (ceta*cX(2,2)*cQ(2,1)) +
4068 C
4069 5 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(1,3))*
4070 6 (ceta*cX(2,2)*cQ(1,3)) +
4071 7 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(3,1))*
4072 8 (ceta*cX(2,2)*cQ(3,1)) +
4073 C
4074 9 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(2,3))*
4075 1 (ceta*cX(2,2)*cQ(2,3)) +
4076 2 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(3,2))*
4077 3 (ceta*cX(2,2)*cQ(3,2)) ) +
4078 C
4079 5 two*cq_*(cg+one)*(cg+cf)*sih*ck/csy*cX(2,2)
4080 C
4081 C
4082 C
4083 Cd2GLD_dSdf(3)=cC_gld*three/(csy**two)*(
4084 1 (csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)-third*auxMM)*
4085 2 (-one*third+ceta*cX(3,3)*cQ(1,1)-
4086 3 third*(ceta*cX(3,3)*Qmm))+
4087 C
4088 4 (csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2)-third*auxMM)*
4089 5 (-one*third+ceta*cX(3,3)*cQ(2,2)-
4090 6 third*(ceta*cX(3,3)*Qmm))+
4091 C
4092 7 (csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)-third*auxMM)*
4093 8 (one-one*third+ceta*cX(3,3)*cQ(3,3)-
4094 9 third*(ceta*cX(3,3)*Qmm)) +
4095 C
4096 1 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(1,2))*
4097 2 (ceta*cX(3,3)*cQ(1,2)) +
4098 3 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(2,1))*
4099 4 (ceta*cX(3,3)*cQ(2,1)) +
4100 C
4101 5 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(1,3))*
4102 6 (ceta*cX(3,3)*cQ(1,3)) +
4103 7 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(3,1))*
4104 8 (ceta*cX(3,3)*cQ(3,1)) +
4105 C
4106 9 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(2,3))*
4107 1 (ceta*cX(3,3)*cQ(2,3)) +
4108 2 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(3,2))*
4109 3 (ceta*cX(3,3)*cQ(3,2)) ) +
4110 C
4111 5 two*cq_*(cg+one)*(cg+cf)*sih*ck/csy*cX(3,3)
4112 C
4113 C
4114 C
4115 C
4116 Cd2GLD_dSdf(4)=cC_gld*three/(csy**two)*(
4117 1 (csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)-third*auxMM)*
4118 2 (ceta*cX(1,2)*cQ(1,1)-
4119 3 third*(ceta*cX(1,2)*Qmm))+
4120 C
4121 4 (csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2)-third*auxMM)*
4122 5 (ceta*cX(1,2)*cQ(2,2)-
4123 6 third*(ceta*cX(1,2)*Qmm))+
4124 C
4125 7 (csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)-third*auxMM)*
4126 8 (ceta*cX(1,2)*cQ(3,3)-
4127 9 third*(ceta*cX(1,2)*Qmm)) +
4128 C
4129 1 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(1,2))*
4130 2 (one+ceta*cX(1,2)*cQ(1,2)) +
4131 3 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(2,1))*
4132 4 (ceta*cX(1,2)*cQ(2,1)) +
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4133 C
4134 5 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(1,3))*
4135 6 (ceta*cX(1,2)*cQ(1,3)) +
4136 7 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(3,1))*
4137 8 (ceta*cX(1,2)*cQ(3,1)) +
4138 C
4139 9 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(2,3))*
4140 1 (ceta*cX(1,2)*cQ(2,3)) +
4141 2 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(3,2))*
4142 3 (ceta*cX(1,2)*cQ(3,2)) ) +
4143 C
4144 5 two*cq_*(cg+one)*(cg+cf)*sih*ck/csy*cX(1,2)
4145 C
4146 C
4147 C
4148 Cd2GLD_dSdf(6)=cC_gld*three/(csy**two)*(
4149 1 (csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)-third*auxMM)*
4150 2 (ceta*cX(2,3)*cQ(1,1)-
4151 3 third*(ceta*cX(2,3)*Qmm))+
4152 C
4153 4 (csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2)-third*auxMM)*
4154 5 (ceta*cX(2,3)*cQ(2,2)-
4155 6 third*(ceta*cX(2,3)*Qmm))+
4156 C
4157 7 (csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)-third*auxMM)*
4158 8 (ceta*cX(2,3)*cQ(3,3)-
4159 9 third*(ceta*cX(2,3)*Qmm)) +
4160 C
4161 1 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(1,2))*
4162 2 (ceta*cX(2,3)*cQ(1,2)) +
4163 3 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(2,1))*
4164 4 (ceta*cX(2,3)*cQ(2,1)) +
4165 C
4166 5 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(1,3))*
4167 6 (one+ceta*cX(2,3)*cQ(1,3)) +
4168 7 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(3,1))*
4169 8 (ceta*cX(2,3)*cQ(3,1)) +
4170 C
4171 9 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(2,3))*
4172 1 (ceta*cX(2,3)*cQ(2,3)) +
4173 2 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(3,2))*
4174 3 (ceta*cX(2,3)*cQ(3,2)) ) +
4175 C
4176 5 two*cq_*(cg+one)*(cg+cf)*sih*ck/csy*cX(2,3)
4177 C
4178 C
4179 C
4180 Cd2GLD_dSdf(5)=cC_gld*three/(csy**two)*(
4181 1 (csigma_dev(1)-calpha_dev(1)+ceta*csh_x*cQ(1,1)-third*auxMM)*
4182 2 (ceta*cX(1,3)*cQ(1,1)-
4183 3 third*(ceta*cX(1,3)*Qmm))+
4184 C
4185 4 (csigma_dev(2)-calpha_dev(2)+ceta*csh_x*cQ(2,2)-third*auxMM)*
4186 5 (ceta*cX(1,3)*cQ(2,2)-
4187 6 third*(ceta*cX(1,3)*Qmm))+
4188 C
4189 7 (csigma_dev(3)-calpha_dev(3)+ceta*csh_x*cQ(3,3)-third*auxMM)*
4190 8 (ceta*cX(1,3)*cQ(3,3)-
4191 9 third*(ceta*cX(1,3)*Qmm)) +
4192 C
4193 1 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(1,2))*
4194 2 (ceta*cX(1,3)*cQ(1,2)) +
4195 3 (csigma_dev(4)-calpha_dev(4)+ceta*csh_x*cQ(2,1))*
4196 4 (ceta*cX(1,3)*cQ(2,1)) +
4197 C
4198 5 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(1,3))*
4199 6 (ceta*cX(1,3)*cQ(1,3)) +
4200 7 (csigma_dev(5)-calpha_dev(5)+ceta*csh_x*cQ(3,1))*
4201 8 (ceta*cX(1,3)*cQ(3,1)) +
4202 C
4203 9 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(2,3))*
4204 1 (one+ceta*cX(1,3)*cQ(2,3)) +
4205 2 (csigma_dev(6)-calpha_dev(6)+ceta*csh_x*cQ(3,2))*
4206 3 (ceta*cX(1,3)*cQ(3,2)) ) +
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4207 C
4208 5 two*cq_*(cg+one)*(cg+cf)*sih*ck/csy*cX(1,3)
4209 C
4210 do 15, i=1,6
4211 d2GLD_dSdf(i)=aimag(Cd2GLD_dSdf(i))/dStep
4212 15 continue
4213 C
4214 C
4215 return
4216 C
4217 end
4218
4219
4220
4221
4222 subroutine dphidsy(
4223 C Input variables
4224 2 C_gld,Tvm,f,g,sy,q_,sh_x,k,
4225 C Ouput variables
4226 2 dphi_dsy)
4227 C
4228 C
4229 real(8) C_gld,Tvm,f,g,sy,q_,sh_x,k,
4230 2 dphi_dsy
4231
4232 real(8) zero,one,two,three,four,half,threeHalfs,third,
4233 1 twoThirds,twSev,nine,eight,six,five,tol_w,w0
4234 C
4235 C
4236 zero = 0.0D0
4237 one = 1.0D0
4238 two = 2.0D0
4239 three = 3.0D0
4240 third = one/three
4241 half = 0.5D0
4242 twoThirds = two/three
4243 threeHalfs = 1.5D0
4244 four=4.0D0
4245 twSev=27.0D0
4246 nine=9.0D0
4247 eight=8.0D0
4248 six=6.0D0
4249 five=5.0D0
4250
4251
4252 dphi_dsy=-two*C_gld*(Tvm**two)/(sy**three)+two*q_*(g+one)*(g+f)*
4253 1 k*sh_x*dsinh(k*sh_x/sy)/sy**two
4254
4255
4256 return
4257 end
4258
4259
4260
4261
4262
4263
4264 subroutine d2GLDdSdsy(
4265 C Input variables
4266 1 sigma,alpha,C_gld,Tvm,sh_x,X,Q,k,sy,eta,q_,g,
4267 2 sigma_dev,alpha_dev,f,
4268 C Output variables
4269 2 d2GLD_dSdsy
4270 3 )
4271 C
4272 C
4273 real(8) sigma(6),sigma_dev(6),alpha(6),Q(3,3),X(3,3),
4274 1 alpha_dev(6)
4275 real(8) C_gld,Tvm,k,sy,eta,q_,g,sh_x,d,f
4276 real(8) d2GLD_dSdsy(6)
4277 C
4278 C
4279 real(8) zero,one,two,three,four,half,threeHalfs,third,
4280 1 twoThirds,twSev,nine,eight,six,five
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4281 C
4282 C
4283 zero = 0.0D0
4284 one = 1.0D0
4285 two = 2.0D0
4286 three = 3.0D0
4287 third = one/three
4288 half = 0.5D0
4289 twoThirds = two/three
4290 threeHalfs = 1.5D0
4291 four=4.0D0
4292 twSev=27.0D0
4293 nine=9.0D0
4294 eight=8.0D0
4295 six=6.0D0
4296 five=5.0D0
4297 C
4298 Qmm=Q(1,1)+Q(2,2)+Q(3,3)
4299
4300 C
4301 auxMM=sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)+
4302 1 sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2) +
4303 2 sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)
4304 C
4305 d2GLD_dSdsy(1)=-C_gld*three*two/(sy**three)*(
4306 1 (sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)-third*auxMM)*
4307 2 (one-third+eta*X(1,1)*Q(1,1)-
4308 3 third*(eta*X(1,1)*Qmm))+
4309 C
4310 4 (sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)-third*auxMM)*
4311 5 (-1.0*third+eta*X(1,1)*Q(2,2)-
4312 6 third*(eta*X(1,1)*Qmm))+
4313 C
4314 7 (sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)-third*auxMM)*
4315 8 (-1.0*third+eta*X(1,1)*Q(3,3)-
4316 9 third*(eta*X(1,1)*Qmm)) +
4317 C
4318 1 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2))*
4319 2 (eta*X(1,1)*Q(1,2)) +
4320 3 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(2,1))*
4321 4 (eta*X(1,1)*Q(2,1)) +
4322 C
4323 5 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3))*
4324 6 (eta*X(1,1)*Q(1,3)) +
4325 7 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(3,1))*
4326 8 (eta*X(1,1)*Q(3,1)) +
4327 C
4328 9 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3))*
4329 1 (eta*X(1,1)*Q(2,3)) +
4330 2 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(3,2))*
4331 3 (eta*X(1,1)*Q(3,2)) ) -
4332 C
4333 5 two*q_*(g+one)*(g+f)*k*X(1,1)*(dsinh(k*sh_x/sy)/sy**two
4334 6 k*sh_x/sy**three*dcosh(k*sh_x/sy))
4335 C
4336 C
4337 d2GLD_dSdsy(2)=-C_gld*three*two/(sy**three)*(
4338 1 (sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)-third*auxMM)*
4339 2 (-1.0*third+eta*X(2,2)*Q(1,1)-
4340 3 third*(eta*X(2,2)*Qmm))+
4341 C
4342 4 (sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)-third*auxMM)*
4343 5 (one-1.0*third+eta*X(2,2)*Q(2,2)-
4344 6 third*(eta*X(2,2)*Qmm))+
4345 C
4346 7 (sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)-third*auxMM)*
4347 8 (-1.0*third+eta*X(2,2)*Q(3,3)-
4348 9 third*(eta*X(2,2)*Qmm)) +
4349 C
4350 1 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2))*
4351 2 (eta*X(2,2)*Q(1,2)) +
4352 3 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(2,1))*
4353 4 (eta*X(2,2)*Q(2,1)) +
4354 C
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4355 5 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3))*
4356 6 (eta*X(2,2)*Q(1,3)) +
4357 7 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(3,1))*
4358 8 (eta*X(2,2)*Q(3,1)) +
4359 C
4360 9 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3))*
4361 1 (eta*X(2,2)*Q(2,3)) +
4362 2 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(3,2))*
4363 3 (eta*X(2,2)*Q(3,2)) ) -
4364 C
4365 5 two*q_*(g+one)*(g+f)*k*X(2,2)*(dsinh(k*sh_x/sy)/sy**two
4366 6 k*sh_x/sy**three*dcosh(k*sh_x/sy))
4367 C
4368 C
4369 d2GLD_dSdsy(3)=-C_gld*three*two/(sy**three)*(
4370 1 (sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)-third*auxMM)*
4371 2 (-1.0*third+eta*X(3,3)*Q(1,1)-
4372 3 third*(eta*X(3,3)*Qmm))+
4373 C
4374 4 (sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)-third*auxMM)*
4375 5 (-1.0*third+eta*X(3,3)*Q(2,2)-
4376 6 third*(eta*X(3,3)*Qmm))+
4377 C
4378 7 (sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)-third*auxMM)*
4379 8 (one-1.0*third+eta*X(3,3)*Q(3,3)-
4380 9 third*(eta*X(3,3)*Qmm)) +
4381 C
4382 1 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2))*
4383 2 (eta*X(3,3)*Q(1,2)) +
4384 3 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(2,1))*
4385 4 (eta*X(3,3)*Q(2,1)) +
4386 C
4387 5 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3))*
4388 6 (eta*X(3,3)*Q(1,3)) +
4389 7 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(3,1))*
4390 8 (eta*X(3,3)*Q(3,1)) +
4391 C
4392 9 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3))*
4393 1 (eta*X(3,3)*Q(2,3)) +
4394 2 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(3,2))*
4395 3 (eta*X(3,3)*Q(3,2)) ) -
4396 C
4397 5 two*q_*(g+one)*(g+f)*k*X(3,3)*(dsinh(k*sh_x/sy)/sy**two
4398 6 k*sh_x/sy**three*dcosh(k*sh_x/sy))
4399 C
4400 C
4401 C
4402 C
4403 d2GLD_dSdsy(4)=-C_gld*three*two/(sy**three)*(
4404 1 (sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)-third*auxMM)*
4405 2 (eta*X(1,2)*Q(1,1)-
4406 3 third*(eta*X(1,2)*Qmm))+
4407 C
4408 4 (sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)-third*auxMM)*
4409 5 (eta*X(1,2)*Q(2,2)-
4410 6 third*(eta*X(1,2)*Qmm))+
4411 C
4412 7 (sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)-third*auxMM)*
4413 8 (eta*X(1,2)*Q(3,3)-
4414 9 third*(eta*X(1,2)*Qmm)) +
4415 C
4416 1 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2))*
4417 2 (one+eta*X(1,2)*Q(1,2)) +
4418 3 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(2,1))*
4419 4 (eta*X(1,2)*Q(2,1)) +
4420 C
4421 5 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3))*
4422 6 (eta*X(1,2)*Q(1,3)) +
4423 7 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(3,1))*
4424 8 (eta*X(1,2)*Q(3,1)) +
4425 C
4426 9 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3))*
4427 1 (eta*X(1,2)*Q(2,3)) +
4428 2 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(3,2))*
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4429 3 (eta*X(1,2)*Q(3,2)) ) -
4430 C
4431 5 two*q_*(g+one)*(g+f)*k*X(1,2)*(dsinh(k*sh_x/sy)/sy**two
4432 6 k*sh_x/sy**three*dcosh(k*sh_x/sy))
4433 C
4434 C
4435 C
4436 d2GLD_dSdsy(6)=-C_gld*three*two/(sy**three)*(
4437 1 (sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)-third*auxMM)*
4438 2 (eta*X(2,3)*Q(1,1)-
4439 3 third*(eta*X(2,3)*Qmm))+
4440 C
4441 4 (sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)-third*auxMM)*
4442 5 (eta*X(2,3)*Q(2,2)-
4443 6 third*(eta*X(2,3)*Qmm))+
4444 C
4445 7 (sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)-third*auxMM)*
4446 8 (eta*X(2,3)*Q(3,3)-
4447 9 third*(eta*X(2,3)*Qmm)) +
4448 C
4449 1 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2))*
4450 2 (eta*X(2,3)*Q(1,2)) +
4451 3 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(2,1))*
4452 4 (eta*X(2,3)*Q(2,1)) +
4453 C
4454 5 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3))*
4455 6 (one+eta*X(2,3)*Q(1,3)) +
4456 7 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(3,1))*
4457 8 (eta*X(2,3)*Q(3,1)) +
4458 C
4459 9 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3))*
4460 1 (eta*X(2,3)*Q(2,3)) +
4461 2 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(3,2))*
4462 3 (eta*X(2,3)*Q(3,2)) ) -
4463 C
4464 5 two*q_*(g+one)*(g+f)*k*X(2,3)*(dsinh(k*sh_x/sy)/sy**two
4465 6 k*sh_x/sy**three*dcosh(k*sh_x/sy))
4466 C
4467 C
4468 C
4469 d2GLD_dSdsy(5)=-C_gld*three*two/(sy**three)*(
4470 1 (sigma_dev(1)-alpha_dev(1)+eta*sh_x*Q(1,1)-third*auxMM)*
4471 2 (eta*X(1,3)*Q(1,1)-
4472 3 third*(eta*X(1,3)*Qmm))+
4473 C
4474 4 (sigma_dev(2)-alpha_dev(2)+eta*sh_x*Q(2,2)-third*auxMM)*
4475 5 (eta*X(1,3)*Q(2,2)-
4476 6 third*(eta*X(1,3)*Qmm))+
4477 C
4478 7 (sigma_dev(3)-alpha_dev(3)+eta*sh_x*Q(3,3)-third*auxMM)*
4479 8 (eta*X(1,3)*Q(3,3)-
4480 9 third*(eta*X(1,3)*Qmm)) +
4481 C
4482 1 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(1,2))*
4483 2 (eta*X(1,3)*Q(1,2)) +
4484 3 (sigma_dev(4)-alpha_dev(4)+eta*sh_x*Q(2,1))*
4485 4 (eta*X(1,3)*Q(2,1)) +
4486 C
4487 5 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(1,3))*
4488 6 (eta*X(1,3)*Q(1,3)) +
4489 7 (sigma_dev(5)-alpha_dev(5)+eta*sh_x*Q(3,1))*
4490 8 (eta*X(1,3)*Q(3,1)) +
4491 C
4492 9 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(2,3))*
4493 1 (one+eta*X(1,3)*Q(2,3)) +
4494 2 (sigma_dev(6)-alpha_dev(6)+eta*sh_x*Q(3,2))*
4495 3 (eta*X(1,3)*Q(3,2)) ) -
4496 C
4497 5 two*q_*(g+one)*(g+f)*k*X(1,3)*(dsinh(k*sh_x/sy)/sy**two
4498 6 k*sh_x/sy**three*dcosh(k*sh_x/sy))
4499 C
4500 C
4501 C
4502 return
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4503 C
4504 end
4505 C
4506 C
4507 C
4508 C
4509 C
4510 C THIS SECTION OF THE CODE CONTAINS THE SUBROUTINES
4511 C PERTAINING TO THE INCREMENTS IN THE INTERNAL
4512 C VARIABLES
4513 C
4514 C
4515 C
4516 C
4517 C
4518 subroutine dAdlamb(
4519 C Input variables
4520 1 backStressCoef,backStresses,dphdS,nBack,f,
4521 C Ouput variables
4522 1 dA_dlamb,chi,sigma,sy,alpha,lambda
4523 1 )
4524 C
4525 external getAlp
4526
4527 integer(8) i,k,nBack
4528 C
4529 real(8) backStressCoef(nBack,2),backStresses(nBack,6),dphdS(6),
4530 1 dA_dlamb(6),sigma(6),alpha(6)
4531 C
4532 real(8) one,two,three,twoThirds,chi,sy,lambda,c_k,gamma_k,f
4533 C
4534 C
4535 C call getAlp(backStresses,alpha,nBack)
4536 C
4537 do 11, i=1,6
4538 dA_dlamb(i)=0.0D0
4539 11 continue
4540 C
4541 one=1.0D0
4542 two=2.0D0
4543 three=3.0D0
4544 twoThirds=two/three
4545 C
4546 chi=sqrt(twoThirds*(dphdS(1)**two+dphdS(2)**two+dphdS(3)**two+
4547 1 two*dphdS(4)**two+two*dphdS(5)**two+two*dphdS(6)**two ))
4548 C 2 *(one-f)
4549 C
4550 C
4551 C
4552 do 10, k=1,nBack
4553 do 20, i=1,6
4554
4555 dA_dlamb(i)=dA_dlamb(i)+
4556 1 (backStressCoef(k,1)*
4557
4558 1 (sigma(i)-alpha(i))/sy
4559 1 -backStressCoef(k,2)*backStresses(k,i))*
4560 1 chi
4561
4562
4563 20 continue
4564
4565 c c_k=backStressCoef(k,1)
4566 c gamma_k=backStressCoef(k,2)
4567
4568 c dA_dlamb=dA_dlamb+twoThirds*c_k*dphdS-gamma_k*chi*
4569 c 1 backStresses(k,1:6)
4570 10 continue
4571 C
4572
4573 return
4574 C
4575 C
4576 end
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4577 C
4578 subroutine dfdlmb(
4579 C Input variables
4580 1 f,dphdS,
4581 C Output variables
4582 1 df_dlamb
4583 1 )
4584 C
4585 real(8) f,dphdS(6),df_dlamb
4586 C
4587 real(8) one,three
4588 C
4589 one=1.0D0
4590 three=3.0D0
4591
4592
4593 C df_dlamb=0.0
4594 df_dlamb=(one-f)*(dphdS(1)+dphdS(2)+dphdS(3))
4595 C
4596 C
4597 C
4598 return
4599 C
4600 C
4601 end
4602 C
4603 subroutine dwdlmb(
4604 C Input variables
4605 1 f,w,dphdS,k_bar,n1_,n2_,n3_,X,Xv,varrho,
4606 C Output variables
4607 1 dw_dlamb
4608 1 )
4609 C
4610 external outer,vtt
4611
4612 integer(4) i,j
4613 C
4614 real(8) f,w,dphdS(6),k_bar,Q(3,3),X(3,3),Xv(3,3),dw_dlamb,varrho
4615 C
4616 real(8) dGdSdv(3,3),dGdSTr,result,auxMat(3,3),n1_(3),n2_(3),
4617 1 n3_(3),auxMat2(3,3)
4618 C
4619 real(8) one,two,three,threeHalfs,nine,nineHalfs,four,third,zero,
4620 1 ampFact
4621 C
4622 result=0.0D0
4623 C
4624 zero=0.0D0
4625 one=1.0D0
4626 two=2.0D0
4627 three=3.0D0
4628 threeHalfs=three/two
4629 nine=9.0D0
4630 nineHalfs=nine/two
4631 four=4.0D0
4632 third=one/three
4633
4634
4635 do 30, i=1,3
4636 do 40, j=1,3
4637
4638 Q(i,j)=zero
4639 auxMat(i,j)=zero
4640 auxMat2(i,j)=zero
4641 dGdSdv(i,j)=zero
4642
4643 40 continue
4644 30 continue
4645
4646 call vtt(dphdS,dGdSdv)
4647 C
4648 dGdSTr=(dphdS(1)+dphdS(2)+dphdS(3))
4649 C
4650
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4651 C Build Q as per CMAME paper
4652
4653 call outer(n1_,n1_,auxMat)
4654
4655 call outer(n2_,n2_,auxMat2)
4656
4657 Q=-one/two*(auxMat+auxMat2)
4658
4659 call outer(n3_,n3_,auxMat)
4660
4661 Q=Q+auxMat
4662
4663 dGdSdv(1,1)=dGdSdv(1,1)-dGdSTr/three
4664 dGdSdv(2,2)=dGdSdv(2,2)-dGdSTr/three
4665 dGdSdv(3,3)=dGdSdv(3,3)-dGdSTr/three
4666
4667 C
4668 auxMat=k_bar*dGdSdv+(one/f*Xv-X)*dGdSTr
4669
4670 c write(*,*) "auxMat=",auxMat
4671 C
4672 C
4673 dw_dlamb=0.0D0
4674
4675 do 10, i=1,3
4676 do 20, j=1,3
4677
4678 dw_dlamb=dw_dlamb+auxMat(i,j)*Q(i,j)
4679
4680 20 continue
4681 10 continue
4682
4683
4684 if (sign(one,dGdSTr).eq.-one) then
4685
4686 dw_dlamb=w*dw_dlamb*varrho
4687
4688 else
4689
4690 dw_dlamb=w*dw_dlamb
4691
4692 endif
4693 C
4694
4695 return
4696 C
4697 end
4698 C
4699 C
4700
4701
4702
4703
4704
4705
4706
4707
4708
4709
4710 C
4711 subroutine updVar(
4712 1 sigma,plStrain_n1k,lambda,backStresses,backStressCoef,alpha,
4713 1 S_red,f,w,chi,dphdS,df_dlamb,dw_dlamb,dpeeq,plStrain_n,d2GLDdS2,
4714 1 d2GLD_dSdA,dGLD_dA,d2GLD_dSdf,d2GLD_dSdw,dA_dlamb,C,normResi,phi,
4715 1 dGLD_df,dGLD_dw,algStiff,sy,fi,wi,backStressesN,alphaN,errorSig,
4716 1 errorLamb,dGLD_de1,dGLD_de2,dGLD_de3,d2GLD_dSde1,d2GLD_dSde2,
4717 1 d2GLD_dSde3,Spin,velGrad,RotRate,n1_,n2_,n3_,n1_i,n2_i,n3_i,
4718 1 strInc,eta_angle,DTIME,vecD,sigma_i,X,Xv,k_bar,K_iso,n_iso,peeq,
4719 1 nBack,syi,dsy_dlamb,d2GLD_dSdsy,dphi_dsy,peeqi,q_,KINC,normVec,
4720 1 resid1,resid2,dampFact1,dampFact2,dlambda1,dlambda2,varrho
4721 1 )
4722 C
4723 external getAlp,Mdot6,Vdot6,invMat,norm7,norm,voidSp,vtt,expMap,
4724 1 Mdot3,MMdot,ttv,eigen3d
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4725 C
4726 integer(8) i,j,nBack,iterBT
4727
4728 real(8) sigma(6),plStrain_n1k(6),backStresses(nBack,6),
4729 1 backStressCoef(nBack,2),alpha(6),S_red(6,6),dphdS(6),
4730 2 plStrain_n(6),Residual_Ep(6),auxMat(6,6),
4731 3 algStiff(6,6),C(6,6),backStressesN(nBack,6),dGLD_de1(3),
4732 5 dGLD_de2(3),
4733 4 dGLD_de3(3),d2GLD_dSde1(6,3),d2GLD_dSde2(6,3),d2GLD_dSde3(6,3),
4734 5 Spin(3,3),velGrad(3,3),RotRate(3,3),n1_(3),n2_(3),n3_(3),
4735 6 n1_i(3),n2_i(3),n3_i(3),omega(3,3),strInc(6),vecD(6),sigma_i(6)
4736
4737 real(8) d2GLDdS2(6,6),d2GLD_dSdA(6,6),
4738 3 dGLD_dA(6),d2GLD_dSdf(6),d2GLD_dSdw(6),dA_dlamb(6),
4739 4 dRepDlamb(6),auxVec(6),dAux1(6),dAux2(6),dSigma(6),
4740 5 dplStrain(6),normVec(7),a_aux(6),alphaN(6),dAux3(6),
4741 6 d2A_dlamb2(6),dAux4(6),alphak(6),zero6(6),Residual_Ep_e(6),
4742 7 Residual_Ep_obj(6),Residual_obj(6),de1(3),de2(3),de3(3),
4743 8 auxVec3(3),W_P(3,3),expSpin(3,3),Residual_Ep_Tot(6),
4744 9 auxMat3_1(3,3),auxMat3_2(3,3),tenSigma(3,3),expRotRate,
4745 1 velGradT(3,3),X(3,3),Xv(3,3),D_P(3,3),Upsilon(3,3),D_V(3,3),
4746 2 expW_P(3,3),nD_P(3,3),eig(3),dD_P(3,3),dSigma2(6),
4747 3 d2GLD_dSdsy(6),delPeeq(6)
4748 C
4749 real(8) f,w,lambda,chi,df_dlamb,dw_dlamb,dpeeq,dphidlamb,
4750 1 normResi,phi,dGLD_df,dGLD_dw,sy,fi,wi,errorSig,
4751 1 errorLamb,eta_angle,DTIME,dampFact,k_bar,dlambda,fk,wk,
4752 1 dsy_dlamb,dphi_dsy,peeqi,dw_dlambi,
4753 1 resid1,resid2,dampFact1,dampFact2,dlambda1,dlambda2
4754 C
4755 real(8) one,two,three,c_k,gamma_k,aux1,aux2,hardeningCoef,
4756 1 aux3,aux4,aux5,four,half,normSig,normdSig,normdAlpha,
4757 2 normAlpha,errorw,errorf,errorAlpha,third,D_P_m,twoThirds,
4758 3 normDV,normD_P,zero,TOL3,maxDp,wTOLUp,wTOLLo,phiLimD,
4759 4 phiLimUp,beta,peeqk,syk,syi,K_iso,n_iso,peeq,peeqn,Si,Sf
4760 C
4761
4762 real(8) alphaBT,betaBT,lambdaAux,syAux,plStrain_n1kAux(6),
4763 1 sigmaAux(6),backStressesAux(nBack,6),alphaAux(6),dphdSAux(6),
4764 2 M(7,7),residualAux(7),normVecAux(7),increment(7),a_aux2(6),
4765 3 Residual_EpAuX(6),fAux,wAux,T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,
4766 4 Q(3,3),Tvm,sh_x,sigma_dev(6),alpha_dev(6),normResi2,
4767 5 backStressesNAux(nBack,6),alphaNAux(6),q_,fi0,phiAux,varrho
4768
4769 integer(4) KINC
4770 C
4771
4772
4773
4774
4775 C
4776 zero=0.0D0
4777 one=1.0D0
4778 two=2.0D0
4779 three=3.0D0
4780 four=4.0D0
4781 half=one/two
4782 third=one/three
4783 twoThirds=two/three
4784 dphidlamb=0.0D0
4785
4786 wTOLUp=1.01D0
4787 wTOLLo=0.99D0
4788
4789
4790 do 29, i=1,6
4791 auxVec(i)=zero
4792 dRepDlamb(i)=zero
4793 dAux1(i)=zero
4794 dAux2(i)=zero
4795 dAux3(i)=zero
4796 dAux4(i)=zero
4797 d2A_dlamb2(i)=zero
4798 zero6(i)=zero
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4799 plStrain_n1kAux(i)=zero
4800 sigmaAux(i)=zero
4801 alphaAux(i)=zero
4802 dphdSAux(i)=zero
4803 a_aux2(i)=zero
4804 sigma_dev(i)=zero
4805 alpha_dev(i)=zero
4806 alphaNAux(i)=zero
4807 do 30, j=1,6
4808 auxMat(i,j)=zero
4809 30 continue
4810 29 continue
4811
4812 do 31, i=1,7
4813 increment(i)=zero
4814 normVecAux(i)=zero
4815 residualAux(i)=zero
4816 do 32, j=1,7
4817 M(i,j)=zero
4818 32 continue
4819 31 continue
4820
4821 do 33, i=1,3
4822 de1(i)=zero
4823 de2(i)=zero
4824 de3(i)=zero
4825 auxVec3(i)=zero
4826 do 34, j=1,3
4827 Q(i,j)=zero
4828 34 continue
4829 33 continue
4830
4831
4832 C
4833 hardeningCoef=0.0D0
4834 C
4835 do 20, i=1,nBack
4836 c_k=backStressCoef(i,1)
4837 gamma_k=backStressCoef(i,2)
4838 C
4839 hardeningCoef=hardeningCoef+
4840 1 (c_k/sy-c_k/sy*dexp(-(c_k/sy+gamma_k)*chi*lambda))
4841 1 /(c_k/sy+gamma_k)
4842
4843
4844 C
4845 20 continue
4846 C
4847 C
4848 C
4849 C
4850 C Go from a reduced form for the compliance to a matrix coherent
4851 C with an inversion to the stiffness matrix
4852 C
4853 auxMat=d2GLD_dSdA*hardeningCoef
4854 auxMat(1:6,4:6)=auxMat(1:6,4:6)*two
4855 auxMat=S_red+lambda*d2GLDdS2+lambda*auxMat
4856 C auxMat=S_red+lambda*d2GLDdS2
4857 auxMat(1:6,4:6)=auxMat(1:6,4:6)*two
4858 auxMat(4:6,1:6)=auxMat(4:6,1:6)*two
4859
4860 M(1:6,1:6)=auxMat
4861
4862
4863 C
4864 C
4865
4866
4867 call invMat(auxMat,algStiff,6)
4868
4869
4870 C
4871 C Shear plastic are engineering strain so lambda*dphdS has to have a factor of two in it!
4872 C
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4873 dAux1=dphdS
4874 dAux1(4:6)=dAux1(4:6)*two
4875
4876 M(7,1:6)=dAux1
4877 C
4878 Residual_Ep=-plStrain_n1k+plStrain_n+lambda*dAux1
4879 C
4880 normVec(1:6)=(Residual_Ep)
4881 normVec(7)=phi
4882 call norm7(normVec,normVec,normResi)
4883 C
4884 call Mdot6(d2GLD_dSdA,dA_dlamb,auxVec)
4885 C
4886 dRepDlamb=dphdS+lambda*(auxVec+d2GLD_dSdw*dw_dlamb
4887 1 +d2GLD_dSdf*df_dlamb+d2GLD_dSdsy*dsy_dlamb)
4888 C
4889 C Same reason for the following "times two"
4890 C
4891 dRepDlamb(4:6)=dRepDlamb(4:6)*two
4892
4893 M(1:6,7)=dRepDlamb
4894 C
4895 C The following "times two" comes because we are performing a frobenius sum
4896 C
4897 dA_dlamb(4:6)=dA_dlamb(4:6)*two
4898
4899 call Vdot6(dGLD_dA,dA_dlamb,dphidlamb)
4900 C
4901 dphidlamb=dphidlamb+dGLD_df*df_dlamb+dphi_dsy*
4902 1 dsy_dlamb+dGLD_dw*dw_dlamb
4903
4904 M(7,7)=dphidlamb
4905 C
4906 call Mdot6(algStiff,Residual_Ep,dAux1)
4907 call Mdot6(algStiff,dRepDlamb,dAux2)
4908 C The following "times two" comes because we are performing a frobenius sum
4909 dAux1(4:6)=dAux1(4:6)*two
4910 dAux2(4:6)=dAux2(4:6)*two
4911 call Vdot6(dphdS,dAux1,aux1)
4912 call Vdot6(dphdS,dAux2,aux2)
4913
4914 dlambda=(phi-aux1)/(aux2-dphidlamb)
4915
4916 C
4917 call Mdot6(algStiff,-(Residual_Ep+dRepDlamb*dlambda),dSigma)
4918
4919
4920 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
4921 C Start of backtracking line search
4922 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
4923
4924 dampFact=one
4925
4926 alphaBT=0.1D0
4927 betaBT=0.75D0
4928
4929 backStressesNAux=backStressesN
4930 alphaNAux=alphaN
4931
4932 syAux=syi+K_iso*(peeq+1D-15)**(n_iso)-
4933 1 K_iso*(peeqi+1D-15)**(n_iso)
4934
4935 wAux=w
4936
4937 do 35, iterBT=1,10
4938
4939
4940 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
4941 C Update variables according to increments
4942 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
4943 C
4944 C
4945 C
4946 C
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4947 C Plastic strain
4948 C
4949 C
4950 auxMat=S_red
4951 auxMat(1:6,4:6)=auxMat(1:6,4:6)*two
4952 auxMat(4:6,1:6)=auxMat(4:6,1:6)*two
4953 C
4954 C
4955 call Mdot6(auxMat,-dampFact*dSigma,dplStrain)
4956
4957 plStrain_n1kAux=plStrain_n1k+dplStrain
4958
4959
4960 C Plastic multiplier
4961
4962
4963 lambdaAux=lambda+dampFact*dlambda
4964
4965
4966 C Stress
4967
4968 sigmaAux=sigma+dampFact*dSigma
4969
4970 C
4971
4972
4973 C Backstress
4974 C
4975 do 14, i=1,nBack
4976 c_k=backStressCoef(i,1)
4977 gamma_k=backStressCoef(i,2)
4978 C
4979 a_aux2=c_k/syAux*(sigmaAux-alphaNAux+backStressesNAux(i,1:6))
4980 aux3=c_k/syAux+gamma_k
4981 C
4982 backStressesAux(i,1:6)=(a_aux2-
4983 1 (a_aux2-aux3*backStressesNAux(i,1:6))*
4984 1 dexp(-aux3*chi*lambdaAux)
4985 1 )/aux3
4986
4987 C backStressesAux(i,1:6)=(twoThirds*c_k*dphdS)/(gamma_k*chi)-
4988 C 1 (twoThirds*c_k*dphdS-gamma_k*chi*
4989 C 1 backStressesNAux(i,1:6))/(gamma_k*chi)*
4990 C 1 dexp(-gamma_k*chi*lambdaAux)
4991 C
4992 14 continue
4993 C
4994 call getAlp(backStressesAux,alphaAux,nBack)
4995
4996
4997 c Yield stress
4998
4999
5000 delPeeq=plStrain_n1kAux-plStrain_n
5001
5002 peeq=peeqi+dsqrt(twoThirds*(delPeeq(1)**two+
5003 1 delPeeq(2)**two+
5004 1 delPeeq(3)**two+((delPeeq(4))**two
5005 1 +delPeeq(5)**two
5006 1 +delPeeq(6)**two)/two))
5007 C 1 *(one-f)
5008
5009
5010 syAux=syi+K_iso*(peeq+1D-15)**(n_iso)-
5011 1 K_iso*(peeqi+1D-15)**(n_iso)
5012
5013 C
5014 C Porosity and aspect ratio
5015 C
5016
5017 fAux=one-(one-fi)*dexp(-(dphdS(1)+dphdS(2)+dphdS(3))*lambdaAux)
5018 wAux=wi*dexp(dw_dlamb/wAux*lambdaAux)
5019
5020 C Evaluate Residuals for this step length
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5021
5022
5023 call GLD(
5024 C Input variables
5025 2 sigmaAux,alphaAux,fAux,wAux,syAux,q_,n1_,n2_,n3_,
5026 C Ouput variables
5027 2 phiAux,T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,X,Q,Tvm,
5028 3 sh_x,sigma_dev,alpha_dev,Xv,KINC)
5029
5030
5031
5032
5033 call dGLDdS(
5034 C Input variables
5035 1 sigmaAux,alphaAux,C_gld,Tvm,sh_x,X,Q,k,syAux,eta,q_,g,
5036 2 sigma_dev,alpha_dev,fAux,
5037 C Output variables
5038 2 dphdSAux
5039 3 )
5040
5041
5042 dAux1=dphdSAux
5043 dAux1(4:6)=dAux1(4:6)*two
5044 C
5045 Residual_EpAuX=-plStrain_n1kAux+plStrain_n+lambdaAux*dAux1
5046
5047
5048
5049 normVecAux(1:6)=Residual_EpAuX
5050 normVecAux(7)=phiAux
5051 call norm7(normVecAux,normVecAux,normResi)
5052
5053
5054
5055 C Calculate residual based on linearization
5056
5057 increment(1:6)=dampFact*dSigma
5058 increment(7)=dampFact*dlambda
5059
5060 call Mdot7(M,increment,residualAux)
5061
5062
5063 normVecAux=normVec+alphaBT*residualAux
5064
5065 call norm7(normVecAux,normVecAux,normResi2)
5066
5067
5068 if (normResi.le.normResi2) then
5069 GOTO 813
5070 else
5071 dampFact=betaBT*dampFact
5072 endif
5073
5074
5075
5076 35 continue
5077
5078 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
5079 C End of backtracking line search
5080 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
5081
5082
5083
5084 813 dlambda=dampFact*dlambda
5085 dSigma=dampFact*dSigma
5086
5087
5088 C
5089 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
5090 C Update variables according to increments
5091 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
5092 C
5093 C
5094 C
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5095 C
5096 C Plastic strain
5097 C
5098 C
5099 auxMat=S_red
5100 auxMat(1:6,4:6)=auxMat(1:6,4:6)*two
5101 auxMat(4:6,1:6)=auxMat(4:6,1:6)*two
5102 C
5103 C
5104 call Mdot6(auxMat,-dSigma,dplStrain)
5105
5106 plStrain_n1k=plStrain_n1k+dplStrain
5107
5108
5109 C Plastic multiplier
5110
5111
5112 lambda=lambda+dlambda
5113
5114
5115
5116 C Stress
5117
5118
5119
5120 sigma=sigma+dSigma
5121
5122
5123
5124 C Backstress
5125
5126 alphak=alpha
5127
5128 C
5129 do 19, i=1,nBack
5130
5131
5132 c_k=backStressCoef(i,1)
5133 gamma_k=backStressCoef(i,2)
5134 C
5135
5136 a_aux=c_k/sy*(sigma-alphaN+backStressesN(i,1:6))
5137 aux3=c_k/sy+gamma_k
5138 C
5139 backStresses(i,1:6)=(a_aux-
5140 1 (a_aux-aux3*backStressesN(i,1:6))*
5141 1 dexp(-aux3*chi*lambda)
5142 1 )/aux3
5143
5144 c backStresses(i,1:6)=(twoThirds*c_k*dphdS)/(gamma_k*chi)-
5145 c 1 (twoThirds*c_k*dphdS-gamma_k*chi*backStressesN(i,1:6))
5146 c 1 /(gamma_k*chi)*
5147 c 1 dexp(-gamma_k*chi*lambda)
5148
5149 C
5150 C
5151 19 continue
5152
5153 C
5154 call getAlp(backStresses,alpha,nBack)
5155
5156 c Yield stress
5157
5158 delPeeq=plStrain_n1k-plStrain_n
5159
5160 peeq=peeqi+dsqrt(twoThirds*(delPeeq(1)**two+
5161 1 delPeeq(2)**two+
5162 1 delPeeq(3)**two+((delPeeq(4))**two
5163 1 +delPeeq(5)**two
5164 1 +delPeeq(6)**two)/two))*(one-f)
5165
5166
5167 syk=sy
5168 sy=syi+K_iso*(peeq+1D-15)**(n_iso)-K_iso*(peeqi+1D-15)**(n_iso)
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5169
5170 C
5171 C Porosity and aspect ratio
5172 C
5173 fk=f
5174 wk=w
5175
5176
5177 if (f.lt.fi0*0.9999D0) then
5178
5179 f=fi0
5180
5181 else
5182
5183 f=one-(one-fi)*dexp(-(dphdS(1)+dphdS(2)+dphdS(3))*lambda)
5184
5185 endif
5186
5187 w=wi*dexp(dw_dlamb/w*lambda)
5188
5189
5190 C Calculate errors in the estimation
5191 C (how much it varies from previous iterations,
5192 C i.e. equilibrium solution)
5193
5194
5195 call norm((alpha-alphak),6,normdAlpha)
5196 call norm(alpha,6,normAlpha)
5197
5198
5199 errorAlpha=normdAlpha/normAlpha
5200
5201
5202 errorsy=(sy-syk)/sy
5203 errorw=(w-wk)/w
5204 errorf=(f-fk)/f
5205
5206
5207 call norm(dSigma,6,normdSig)
5208 call norm(sigma,6,normSig)
5209
5210 errorSig=normdSig/normSig
5211 errorLamb=abs(dlambda/lambda)
5212
5213 C
5214 C
5215 return
5216 end
5217 C
5218
5219
5220
5221
5222
5223
5224
5225
5226
5227
5228
5229
5230
5231
5232
5233
5234
5235
5236
5237
5238
5239
5240
5241
5242
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5243
5244
5245
5246
5247
5248
5249
5250 subroutine gtBack(
5251 1 sigma,S_red,backStresses,backStressCoef,n1_,n2_,n3_,
5252 1 plStrain_n1k,plStrain_n,f,w,sy,q_,normResi,dpeeq,C,
5253 1 algStiff,strInc,Spin,velGrad,RotRate,eta_angle,DTIME,vecD,
5254 1 sigma_i,rotTensor1,NOEL,KINC,K_iso,n_iso,peeq,nBack,PNEWDT,
5255 1 fi0,varrho
5256 1 )
5257
5258 external GLD,dGLDdS,d2GdS2,dGLDdA,dGdw,dGdf,d2GdSw,
5259 1 d2GdSf,dAdlamb,getAlp,dfdlmb,dwdlmb,linSol,
5260 2 norm7,updVar,norm,
5261 3 voidSp,vtt,ttv,Mdot3,expMap,eigen3d,transp,rot2ndTen,
5262 4 gtDeriv
5263 C
5264 real(8) start_time,stop_time
5265 integer(8) n,nit,i,j,nBack
5266
5267 integer(4) NOEL,nel1,nel2,KINC
5268 C
5269 real(8) sigma(6),alpha(6),n1_(3),n2_(3),
5270 1 n3_(3),sigma_dev(6),alpha_dev(6),Q(3,3),X(3,3),Xv(3,3),
5271 2 aux_e1(3,3),aux_e2(3,3),aux_e3(3,3),dphdS(6),
5272 3 d2GLDdS2(6,6),dGLD_dA(6),d2GLD_dSdA(6,6),
5273 4 backStressCoef(nBack,2),backStresses(nBack,6),
5274 5 d2GLD_dSdw(6),d2GLD_dSdf(6),dA_dlamb(6),
5275 6 S_red(6,6),M(7,7),plStrain_n1k(6),plStrain_n(6),Resi(7),
5276 7 Inc(7),auxPlStr(6),backStressesN(nBack,6),C(6,6),algStiff(6,6),
5277 8 alphaN(6),a_aux(6),
5278 9 d2GLD_dSde11(6),d2GLD_dSde12(6),d2GLD_dSde13(6),d2GLD_dSde21(6),
5279 1 d2GLD_dSde22(6),d2GLD_dSde23(6),d2GLD_dSde31(6),
5280 2 d2GLD_dSde32(6),d2GLD_dSde33(6),
5281 3 dGLD_de1(3),dGLD_de2(3),dGLD_de3(3),
5282 4 d2GLD_dSde1(6,3),d2GLD_dSde2(6,3),d2GLD_dSde3(6,3),
5283 5 strInc(6),Spin(3,3),velGrad(3,3),RotRate(3,3),omega(3,3),
5284 6 n1_i(3),n2_i(3),n3_i(3),vecD(6),sigma_i(6),tenSigma(3,3),
5285 7 auxMat3_1(3,3),auxMat3_2(3,3),expSpin(3,3),Residual_obj(6),
5286 8 auxVec(6),D_P(3,3),D_V(3,3),Upsilon(3,3),expW_P(3,3),W_P(3,3),
5287 9 eig(3),rotTensor1(3,3),rotTensor1T(3,3),auxStressMat(3,3),
5288 1 auxStressMat2(3,3),d2GLD_dSdsy(6),normVec(7)
5289 C
5290 C
5291 real(8) f,w,sy,q_,phi,fi0,
5292 2 T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,sh_x,Tvm,
5293 3 dStep,dGLD_dw,dGLD_df,df_dlamb,dw_dlamb,Emod,nu,
5294 4 lambda,normResi,chi,dpeeq,fi,wi,errorSig,errorLamb,dGLD_de31,
5295 5 dGLD_de32,dGLD_de33,dGLD_de21,dGLD_de22,dGLD_de23,dGLD_de11,
5296 6 dGLD_de12,dGLD_de13,eta_angle,DTIME,c_k,gamma_k,D_P_m,normD_P,
5297 7 normDV,wTOLLo,wTOLUp,sigH,errorAlpha,errorw,errorf,K_iso,n_iso,
5298 8 peeq,syi,dsy_dlamb,dphi_dsy,PNEWDT,peeqi,varrho,
5299 9 resid1,resid2,dampFact1,dampFact2,dlambda1,dlambda2
5300 C
5301 real(8) one,two,three,twoThirds,dlmb_cal,TOL,TOL1,TOL2,third,
5302 1 zero,nine,nineHalfs,kt,kw,kf,k_bar,four,maxAux,aux
5303 C
5304 complex(8) cQ(3,3),cX(3,3),
5305 1 ceta_w,csh_x_w,cg_w,ck_w,cC_gld_w,
5306 2 ceta_f,csh_x_f,cg_f,ck_f,cC_gld_f,
5307 3 ceta_e31,csh_x_e31,cg_e31,ck_e31,cC_gld_e31,
5308 3 cQ_31(3,3),cX_31(3,3),
5309 4 ceta_e32,csh_x_e32,cg_e32,ck_e32,cC_gld_e32,
5310 4 cQ_32(3,3),cX_32(3,3),
5311 4 ceta_e33,csh_x_e33,cg_e33,ck_e33,cC_gld_e33,
5312 5 cQ_33(3,3),cX_33(3,3),
5313 4 ceta_e21,csh_x_e21,cg_e21,ck_e21,cC_gld_e21,
5314 5 cQ_21(3,3),cX_21(3,3),
5315 4 ceta_e22,csh_x_e22,cg_e22,ck_e22,cC_gld_e22,
5316 5 cQ_22(3,3),cX_22(3,3),
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5317 4 ceta_e23,csh_x_e23,cg_e23,ck_e23,cC_gld_e23,
5318 5 cQ_23(3,3),cX_23(3,3),
5319 4 ceta_e11,csh_x_e11,cg_e11,ck_e11,cC_gld_e11,
5320 5 cQ_11(3,3),cX_11(3,3),
5321 4 ceta_e12,csh_x_e12,cg_e12,ck_e12,cC_gld_e12,
5322 5 cQ_12(3,3),cX_12(3,3),
5323 4 ceta_e13,csh_x_e13,cg_e13,ck_e13,cC_gld_e13,
5324 5 cQ_13(3,3),cX_13(3,3)
5325 C
5326
5327 C dStep is the step size for complex step derivative
5328 C
5329 data normVec /7*0.0D0/
5330
5331 zero=0.0D0
5332 one=1.0D0
5333 two=2.0D0
5334 three=3.0D0
5335 four=4.0D0
5336 third=one/three
5337 twoThirds=two/three
5338 nine=9.0D0
5339 nineHalfs=nine/two
5340
5341 wTOLLo=0.99D0
5342 wTOLUp=1.01D0
5343
5344 do 29, i=1,3
5345 do 30, j=1,3
5346 omega(i,j)=zero
5347 30 continue
5348 29 continue
5349
5350 do 32, j=1,6
5351 alpha(i)=zero
5352 auxPlStr(i)=zero
5353 32 continue
5354 C
5355
5356 dStep=1D-6
5357
5358 TOL1=1D-5
5359 TOL2=1D-5
5360 C
5361 lambda=0.0D0
5362 C
5363 normResi=0.0D0
5364
5365 sigma_i=sigma
5366 C
5367 backStressesN=backStresses*one
5368 fi=f
5369 wi=w
5370 syi=sy
5371 peeqi=peeq
5372 call getAlp(backStressesN,alphaN,nBack)
5373
5374 n1_i=n1_
5375 n2_i=n2_
5376 n3_i=n3_
5377
5378 errorSig=0.0D0
5379 errorLamb=0.0D0
5380
5381 resid1=zero
5382 resid2=zero
5383 dampFact1=zero
5384 dampFact2=zero
5385 dlambda1=zero
5386 dlambda2=zero
5387
5388 aux=zero
5389 C
5390
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5391 nit=1500
5392
5393
5394 do 11, n=1,nit
5395
5396
5397 call getAlp(backStresses,alpha,nBack)
5398 C
5399 call gtDeriv(
5400 c Input variables
5401 1 sigma,backStresses,f,w,sy,q_,n1_,n2_,n3_,rotTensor1,nBack,
5402 1 peeq,K_iso,n_iso,
5403 c Output variables
5404 1 phi,
5405 1 dphdS,d2GLDdS2,dGLD_dA,d2GLD_dSdA,dGLD_dw,dGLD_df,d2GLD_dSdf,
5406 1 d2GLD_dSdw,dsy_dlamb,d2GLD_dSdsy,dphi_dsy,fi0,dA_dlamb,
5407 1 df_dlamb,dw_dlamb,k_bar,X,Xv,chi,KINC,varrho)
5408
5409 C
5410
5411 call updVar(
5412 1 sigma,plStrain_n1k,lambda,backStresses,backStressCoef,alpha,
5413 1 S_red,f,w,chi,dphdS,df_dlamb,dw_dlamb,dpeeq,plStrain_n,d2GLDdS2,
5414 1 d2GLD_dSdA,dGLD_dA,d2GLD_dSdf,d2GLD_dSdw,dA_dlamb,C,normResi,phi,
5415 1 dGLD_df,dGLD_dw,algStiff,sy,fi,wi,backStressesN,alphaN,errorSig,
5416 1 errorLamb,dGLD_de1,dGLD_de2,dGLD_de3,d2GLD_dSde1,d2GLD_dSde2,
5417 1 d2GLD_dSde3,Spin,velGrad,RotRate,n1_,n2_,n3_,n1_i,n2_i,n3_i,
5418 1 strInc,eta_angle,DTIME,vecD,sigma_i,X,Xv,k_bar,K_iso,n_iso,peeq,
5419 1 nBack,syi,dsy_dlamb,d2GLD_dSdsy,dphi_dsy,peeqi,q_,KINC,normVec,
5420 1 resid1,resid2,dampFact1,dampFact2,dlambda1,dlambda2,fi0,varrho
5421 1 )
5422
5423
5424
5425 call norm(normVec(1:6),6,aux)
5426 call norm(plStrain_n1k,6,maxAux)
5427
5428
5429 if ((abs(phi).ge.5.0D2)) goto 113
5430 C
5431 if ((aux/maxAux.le.TOL1).and.(phi.le.TOL2)) GOTO 112
5432 C
5433
5434 C
5435 11 continue
5436 C
5437 113 write(*,*) "!!! Trying a smaller step !!!"
5438 write(*,*) "n=",n
5439 write(*,*) "phi=",phi
5440 write(*,*) "maxAux=",maxAux
5441 write(*,*) "normVec=",normVec
5442 write(*,*) "plStrain_n1k=",plStrain_n1k
5443 write(*,*) "errorSig, errorLamb", errorSig, errorLamb
5444
5445
5446 n1_i=n1_
5447 n2_i=n2_
5448 n3_i=n3_
5449
5450 c backStressesN=backStresses*1.0
5451
5452 PNEWDT=0.5
5453 C
5454 112 auxPlStr=plStrain_n1k-plStrain_n
5455
5456
5457 C
5458 C Void orientation
5459 C
5460
5461 C Increment in plastic strain and correct for numerical reasons
5462
5463 auxVec=lambda*dphdS
5464
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5465 call vtt(auxVec,D_P)
5466
5467
5468 C If aspect very close to unity then assign void directions to the
5469 C direction of principal stretch of the voids
5470
5471 if ((w.ge.wTOLLo).and.(w.le.wTOLUp)) then
5472
5473 D_P_m=third*(D_P(1,1)+D_P(2,2)+D_P(3,3))
5474
5475 D_V=k_bar*D_P+three*(one/f*Xv-X)*D_P_m
5476
5477
5478 call eigen3d(D_V,eig,Upsilon)
5479
5480
5481 if ((abs(eig(1)).gt.abs(eig(2))).and.(abs(eig(1)).gt.
5482 1 abs(eig(3))))then
5483
5484 n1_=Upsilon(1:3,3)
5485 n2_=Upsilon(1:3,2)
5486 n3_=Upsilon(1:3,1)
5487
5488 n3_=sign(one,n3_(2))*n3_
5489
5490 elseif ((abs(eig(2)).gt.abs(eig(1))).and.(abs(eig(2)).gt.
5491 1 abs(eig(3))))then
5492
5493 n1_=Upsilon(1:3,3)
5494 n2_=Upsilon(1:3,1)
5495 n3_=Upsilon(1:3,2)
5496
5497 n3_=sign(one,n3_(2))*n3_
5498
5499 elseif ((abs(eig(3)).gt.abs(eig(1))).and.(abs(eig(3)).gt.
5500 1 abs(eig(1))))then
5501
5502 n1_=Upsilon(1:3,2)
5503 n2_=Upsilon(1:3,1)
5504 n3_=Upsilon(1:3,3)
5505
5506 n3_=sign(one,n3_(2))*n3_
5507
5508 else
5509
5510 n1_=Upsilon(1:3,3)
5511 n2_=Upsilon(1:3,2)
5512 n3_=Upsilon(1:3,1)
5513
5514 n3_=sign(one,n3_(2))*n3_
5515
5516 endif
5517
5518 endif
5519
5520
5521 C
5522 C Atention: plastic strains are engineering strains
5523 C
5524 dpeeq=dsqrt(twoThirds*(auxPlStr(1)**two+auxPlStr(2)**two+
5525 1 auxPlStr(3)**two+((auxPlStr(4))**two+auxPlStr(5)**two
5526 1 +auxPlStr(6)**two)/two))
5527
5528
5529 return
5530 end
5531
5532
5533
5534
5535
5536
5537
5538
82
A.4. Code
5539 subroutine gtDeriv(
5540 c Input variables
5541 1 sigma,backStresses,f,w,sy,q_,n1_,n2_,n3_,rotTensor1,nBack,
5542 1 peeq,K_iso,n_iso,
5543 c Output variables
5544 1 phi,
5545 1 dphdS,d2GLDdS2,dGLD_dA,d2GLD_dSdA,dGLD_dw,dGLD_df,d2GLD_dSdf,
5546 1 d2GLD_dSdw,dsy_dlamb,d2GLD_dSdsy,dphi_dsy,fi0,dA_dlamb,
5547 1 df_dlamb,dw_dlamb,k_bar,X,Xv,chi,KINC,varrho)
5548
5549 external GLD,dGLDdS,d2GdS2,dGLDdA,dGdw,dGdf,d2GdSw,
5550 1 d2GdSf,dAdlamb,getAlp,dfdlmb,dwdlmb,d2GLDdSdsy,dphidsy
5551 C
5552 integer(8) n,nit,i,j,nBack
5553
5554 integer(4) NOEL,nel1,nel2,KINC
5555 C
5556 real(8) sigma(6),alpha(6),n1_(3),n2_(3),
5557 1 n3_(3),sigma_dev(6),alpha_dev(6),Q(3,3),X(3,3),Xv(3,3),
5558 2 aux_e1(3,3),aux_e2(3,3),aux_e3(3,3),dphdS(6),
5559 3 d2GLDdS2(6,6),dGLD_dA(6),d2GLD_dSdA(6,6),
5560 4 backStressCoef(nBack,2),backStresses(nBack,6),
5561 5 d2GLD_dSdw(6),d2GLD_dSdf(6),dA_dlamb(6),
5562 6 S_red(6,6),M(7,7),plStrain_n1k(6),plStrain_n(6),Resi(7),
5563 7 Inc(7),auxPlStr(6),backStressesN(nBack,6),C(6,6),algStiff(6,6),
5564 8 alphaN(6),a_aux(6),
5565 9 d2GLD_dSde11(6),d2GLD_dSde12(6),d2GLD_dSde13(6),d2GLD_dSde21(6),
5566 1 d2GLD_dSde22(6),d2GLD_dSde23(6),d2GLD_dSde31(6),
5567 2 d2GLD_dSde32(6),d2GLD_dSde33(6),
5568 3 dGLD_de1(3),dGLD_de2(3),dGLD_de3(3),
5569 4 d2GLD_dSde1(6,3),d2GLD_dSde2(6,3),d2GLD_dSde3(6,3),
5570 5 strInc(6),Spin(3,3),velGrad(3,3),RotRate(3,3),omega(3,3),
5571 6 n1_i(3),n2_i(3),n3_i(3),vecD(6),sigma_i(6),tenSigma(3,3),
5572 7 auxMat3_1(3,3),auxMat3_2(3,3),expSpin(3,3),Residual_obj(6),
5573 8 auxVec(6),D_P(3,3),D_V(3,3),Upsilon(3,3),expW_P(3,3),W_P(3,3),
5574 9 eig(3),rotTensor1(3,3),rotTensor1T(3,3),auxStressMat(3,3),
5575 1 auxStressMat2(3,3),d2GLD_dSdsy(6)
5576 C
5577 C
5578 real(8) f,w,sy,q_,phi,fi0,
5579 2 T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,sh_x,Tvm,
5580 3 dStep,dGLD_dw,dGLD_df,df_dlamb,dw_dlamb,Emod,nu,
5581 4 lambda,normResi,chi,dpeeq,fi,wi,errorSig,errorLamb,dGLD_de31,
5582 5 dGLD_de32,dGLD_de33,dGLD_de21,dGLD_de22,dGLD_de23,dGLD_de11,
5583 6 dGLD_de12,dGLD_de13,eta_angle,DTIME,c_k,gamma_k,D_P_m,normD_P,
5584 7 normDV,wTOLLo,wTOLUp,sigH,peeq,K_iso,n_iso,dphi_dsy,dsy_dlamb,
5585 8 varrho
5586 C
5587 real(8) one,two,three,twoThirds,dlmb_cal,TOL,TOL1,TOL2,third,
5588 1 zero,nine,nineHalfs,kt,kw,kf,k_bar,four
5589 C
5590 complex(8) cQ(3,3),cX(3,3),
5591 1 ceta_w,csh_x_w,cg_w,ck_w,cC_gld_w,
5592 2 ceta_f,csh_x_f,cg_f,ck_f,cC_gld_f,
5593 3 ceta_e31,csh_x_e31,cg_e31,ck_e31,cC_gld_e31,
5594 3 cQ_31(3,3),cX_31(3,3),
5595 4 ceta_e32,csh_x_e32,cg_e32,ck_e32,cC_gld_e32,
5596 4 cQ_32(3,3),cX_32(3,3),
5597 4 ceta_e33,csh_x_e33,cg_e33,ck_e33,cC_gld_e33,
5598 5 cQ_33(3,3),cX_33(3,3),
5599 4 ceta_e21,csh_x_e21,cg_e21,ck_e21,cC_gld_e21,
5600 5 cQ_21(3,3),cX_21(3,3),
5601 4 ceta_e22,csh_x_e22,cg_e22,ck_e22,cC_gld_e22,
5602 5 cQ_22(3,3),cX_22(3,3),
5603 4 ceta_e23,csh_x_e23,cg_e23,ck_e23,cC_gld_e23,
5604 5 cQ_23(3,3),cX_23(3,3),
5605 4 ceta_e11,csh_x_e11,cg_e11,ck_e11,cC_gld_e11,
5606 5 cQ_11(3,3),cX_11(3,3),
5607 4 ceta_e12,csh_x_e12,cg_e12,ck_e12,cC_gld_e12,
5608 5 cQ_12(3,3),cX_12(3,3),
5609 4 ceta_e13,csh_x_e13,cg_e13,ck_e13,cC_gld_e13,
5610 5 cQ_13(3,3),cX_13(3,3)
5611 C
5612
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5613 C dStep is the step size for complex step derivative
5614 C
5615
5616 zero=0.0D0
5617 one=1.0D0
5618 two=2.0D0
5619 three=3.0D0
5620 four=4.0D0
5621 third=one/three
5622 twoThirds=two/three
5623 nine=9.0D0
5624 nineHalfs=nine/two
5625
5626 dStep=1D-6
5627
5628
5629 call getAlp(backStresses,alpha,nBack)
5630 C
5631
5632 call GLD(
5633 C Input variables
5634 2 sigma,alpha,f,w,sy,q_,n1_,n2_,n3_,
5635 C Ouput variables
5636 2 phi,T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,X,Q,Tvm,
5637 3 sh_x,sigma_dev,alpha_dev,Xv,KINC)
5638
5639 C
5640
5641 C
5642 C Section to calculate k_bar - important for dtermination of D_V
5643 C
5644
5645 c Project stress in the direction of the void to get sig’33
5646
5647 call transp(rotTensor1,rotTensor1T,3)
5648
5649 call vtt(sigma,auxStressMat)
5650
5651 C Rotate by the transpose on the left to put back in the local configuration
5652
5653 call rot2ndTen(rotTensor1T,auxStressMat,auxStressMat2)
5654
5655 Upsilon(1:3,1)=n1_
5656 Upsilon(1:3,2)=n2_
5657 Upsilon(1:3,3)=n3_
5658
5659 call rot2ndTen(Upsilon,auxStressMat2,auxStressMat)
5660
5661 sigH=(auxStressMat(1,1)+auxStressMat(2,2)+auxStressMat(3,3))
5662 1 /three
5663
5664 auxStressMat(3,3)=auxStressMat(3,3)-sigH
5665
5666 if (sign(one,auxStressMat(3,3)*sigH).eq.one) then
5667
5668 kt=one-(T**two+T**four)/nine
5669
5670 else
5671
5672 kt=one-(T**two+T**four)/(two*nine)
5673
5674 endif
5675
5676 kw=nineHalfs*(a1-ag)/(one-three*a1)
5677
5678 kf=(one-dsqrt(f))**two
5679
5680 k_bar=one+kw*kf*kt
5681
5682
5683 C
5684 C Section to calculate k_bar - important for dtermination of D_V
5685 C
5686
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5687 C
5688 C
5689 call dGLDdS(
5690 C Input variables
5691 1 sigma,alpha,C_gld,Tvm,sh_x,X,Q,k,sy,eta,q_,g,
5692 2 sigma_dev,alpha_dev,f,
5693 C Output variables
5694 2 dphdS
5695 3 )
5696 C
5697 C
5698 call d2GdS2(
5699 C Input variables
5700 1 C_gld,sy,q_,g,f,k,X,Q,sh_x,eta,
5701 C Ouput
5702 2 d2GLDdS2)
5703 C
5704 C
5705 call dGLDdA(
5706 C Input variables
5707 1 C_gld,sy,q_,g,f,k,X,Q,sh_x,eta,sigma_dev,alpha_dev,
5708 C Ouput
5709 2 dGLD_dA)
5710 C
5711 call d2GdSA(
5712 C Input variables
5713 1 C_gld,sy,q_,g,f,k,X,Q,sh_x,eta,
5714 C Ouput
5715 2 d2GLD_dSdA)
5716 C
5717 C
5718 call dGdw(
5719 C Input variables
5720 1 sigma,alpha,f,w,sy,q_,n1_,n2_,n3_,
5721 2 phi,T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,X,Q,Tvm,
5722 3 sh_x,sigma_dev,alpha_dev,dStep,
5723 C Ouput variables
5724 4 dGLD_dw,ceta_w,csh_x_w,cg_w,ck_w,cC_gld_w)
5725 C
5726 C
5727 call dGdf(
5728 C Input variables
5729 1 sigma,alpha,f,w,sy,q_,n1_,n2_,n3_,
5730 2 phi,T,S,a1,a2,ag,g,k,C_gld,eta,e1,e2,X,Q,Tvm,
5731 3 sh_x,sigma_dev,alpha_dev,dStep,
5732 C Ouput variables
5733 4 dGLD_df,ceta_f,csh_x_f,cg_f,ck_f,cC_gld_f)
5734 C
5735 C
5736 call d2GdSw(
5737 C Input variables
5738 1 sigma_dev,alpha_dev,f,dStep,sy,X,Q,q_,
5739 3 ceta_w,csh_x_w,cg_w,ck_w,cC_gld_w,
5740 C Output variables
5741 2 d2GLD_dSdw
5742 3 )
5743 C
5744 C
5745 call d2GdSf(
5746 C Input variables
5747 1 sigma_dev,alpha_dev,f,dStep,sy,X,Q,q_,
5748 3 ceta_f,csh_x_f,cg_f,ck_f,cC_gld_f,
5749 C Output variables
5750 2 d2GLD_dSdf
5751 3 )
5752 C
5753 call dAdlamb(
5754 C Input variables
5755 1 backStressCoef,backStresses,dphdS,nBack,f,
5756 C Ouput variables
5757 1 dA_dlamb,chi,sigma,sy,alpha,lambda
5758 1 )
5759 C
5760 C
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5761 call dfdlmb(
5762 C Input variables
5763 1 f,dphdS,
5764 C Output variables
5765 1 df_dlamb
5766 1 )
5767 C
5768 C
5769 call dwdlmb(
5770 C Input variables
5771 1 f,w,dphdS,k_bar,n1_,n2_,n3_,X,Xv,varrho,
5772 C Output variables
5773 1 dw_dlamb
5774 1 )
5775
5776
5777 call dphidsy(
5778 C Input variables
5779 2 C_gld,Tvm,f,g,sy,q_,sh_x,k,
5780 C Ouput variables
5781 2 dphi_dsy)
5782
5783
5784
5785 call d2GLDdSdsy(
5786 C Input variables
5787 1 sigma,alpha,C_gld,Tvm,sh_x,X,Q,k,sy,eta,q_,g,
5788 2 sigma_dev,alpha_dev,f,
5789 C Output variables
5790 2 d2GLD_dSdsy
5791 3 )
5792
5793
5794 if (peeq.eq.zero) then
5795
5796 dsy_dlamb=zero
5797
5798 else
5799
5800 dsy_dlamb=n_iso*K_iso*(peeq+1D-14)**(n_iso-one)*chi
5801
5802 endif
5803
5804
5805 return
5806 end
5807
5808
5809
5810
5811
5812
5813 subroutine sgVoid(sigma,Rot1,n1_,n2_,n3_,sigmaVoid)
5814
5815 external rot2ndTen,vtt,transp,tenMul,ttv
5816
5817 real(8) sigma(6), Rot1(3,3),n1_(3),n2_(3),n3_(3),sigmaVoid(3,3)
5818
5819 real(8) sigmaAux(3,3),auxMat(3,3),Q(3,3),Rot1T(3,3),QT(3,3)
5820
5821 real(8) zero
5822
5823
5824 zero=0.0D0
5825
5826 do 29, i=1,3
5827 do 30, j=1,3
5828 sigmaAux(i,j)=zero
5829 auxMat(i,j)=zero
5830 Rot1T(i,j)=zero
5831 QT(i,j)=zero
5832 30 continue
5833 29 continue
5834
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5835 call vtt(sigma,sigmaAux)
5836
5837 call transp(Rot1,Rot1T,3)
5838
5839 call rot2ndTen(Rot1T,sigmaAux,auxMat)
5840
5841 sigmaAux=auxMat
5842
5843 Q(1:3,1)=n1_
5844 Q(1:3,2)=n2_
5845 Q(1:3,3)=n3_
5846
5847 call transp(Q,QT,3)
5848
5849 call rot2ndTen(QT,sigmaAux,sigmaVoid)
5850
5851
5852
5853 return
5854 end
5855
5856 subroutine gtTBL(sigmaVoid,sy,f0,w0,f,w,phiTBL,chiTBL_0)
5857
5858 real (8) sigmaVoid(3,3),sy,dBV,w,phiTBL,f,f0,w0
5859
5860 real (8) one, two, three, half, sq3, chi, t, t0, t1, b, l, calTau,
5861 1 four,lambda,gamma,third,R0,L0,prop1,prop2,R,L2,chiTBL_0
5862
5863 one=1.0D0
5864 two=2.0D0
5865 three=3.0D0
5866 four=4.0D0
5867 half=one/two
5868 third=one/three
5869 sq3=dsqrt(three)
5870
5871 t0=-0.84D0
5872 t1=12.9D0
5873 b=0.9D0
5874 l=1.0D0
5875
5876
5877
5878 chi=((f/f0*w0/w)**third)*chiTBL_0
5879
5880 c
5881 c
5882
5883 sigVol=sy/sq3*(two-dsqrt(one+three*chi**four)+dlog((one+dsqrt(one
5884 1 +three*chi**four))/(three*chi**two)))
5885
5886 sigSurf=sy/(three*sq3)*(chi**three-three*chi+two)/(chi*w)
5887
5888 calTau=two*sy/sq3*(one-chi**two)
5889
5890 t=(t0+t1*chi)*w/(one+(t0+t1*chi)*w)
5891
5892 sig33=sigmaVoid(3,3)
5893
5894 sig31=sigmaVoid(3,1)
5895
5896 sig32=sigmaVoid(3,2)
5897
5898 if (abs(sig33).ge. sigSurf) then
5899
5900 phiTBL=(abs(sig33)-t*sigSurf)**two/(b**two*sigVol**two)+
5901 1 four*(sig31**two+sig32**two)/(l**two*calTau**two)-one
5902
5903 else
5904
5905 phiTBL=four*(sig31**two+sig32**two)/(l**two*calTau**two)-one
5906
5907 endif
5908
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5909
5910
5911 return
5912 end
5913
A.5 Hardening parameters
The material model used throughout the thesis is based solely on nonlinear kinematic
hardening with the Chaboche model except where otherwise explicitly indicated. The
coefficients for this model can be seen in A.1.
Table A.1 – Chaboche model backstress coefficients used throughout the thesis
Backstress # C (MPa) γ
1 100465.56 1107.87
2 16124.16 460.41
3 6492.09 142.14
4 2613.95 44.098
5 1055.04 13.20
6 435.25 3.97
7 189.27 0.99
8 81.47 0.126
A.6 Validation
Table A.2 – Numbering for internal variables used in the validation procedure
# f0 S0 Υ
1 1.0e-3 0.0 n3 ≡ [0, 1, 0]
2 5.0e-3 1.0 n3 ≡ [1, 0, 0]
3 1.0e-2 -1.0 -
4 1.5e-2 - -
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A.6. Validation
(a) Cube (b) Loading 1 - L1
Printed using Abaqus/CAE on: Mon Mar 21 17:08:42 W. Europe Standard Time 2016
(c) Loading 2 - L2
Figure A.1 – Element(C3D8R) and loading cases used in validation of gld Umat in Abaqus
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Figure A.2 – Comparison between gld Umat and Abaqus’s implementation of the Gurson
model
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Figure A.6 – Comparison between gld and kb Umats for loading: Tension; direction: Trans-
verse to voids; initial void shape: Prolate
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B Data from metallographic analy-
ses
B.1 Specimen designation and definitions
BM_LT_1
region
face
specimen number
Figure B.1 – Specimen designation for metallographic analyses
Region designations: BM - base material; W - weld material; WT - near weld toe of a loaded
tube specimen. For WT cases, unfortunately representative samples near the weld toe were
hard to get, leading to sampling away from the weld toe. This means that the statistics that
are presented herein are closer to the BM than to the actual weld toe.
The following distributions were used
1. Generalized extreme value (GEV) distribution cumulative distribution function,
F (x;µGEV , σGEV , ξGEV ) = exp
{
−
[
1 + ξGEV
(
x− µGEV
σGEV
)]−1/ξGEV}
(B.1)
2. Beta distribution probability density function for 0 < x < 1 and shape parameters
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L
T
S
LS face
T
S
area to grind
to get LT face
Figure B.2 – Orientation of micrographs w.r.t. to tube sample
αbe > 0 and βbe > 0,
f (x;αbe, βbe) =
xαbe−1 (1− x)βbe−1∫ 1
0 u
αbe−1 (1− u)βbe−1 du
(B.2)
Nearest neighbor calculations were conducted with SCIPY using a spatial KDTree search,
which organizes a set of spatial points according to the closest euclidean distance. Searches
were conducted using both circles and ellipses drawn over micrographs.
B.2 Summary tables
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Table B.3 – Summary of circular inclusions statistics
Inclusion diameters (Dinc) - GEV
Specimen Q0.05 (µm) Q0.50 (µm) Q0.95 (µm) ξGEV µGEV σGEV
BM_LT_1 1.80 4.71 12.02 -0.1676 3.91 2.11
BM_LS_1 1.80 2.84 5.11 -0.0983 2.57 0.74
BM_LT_2 3.46 5.91 11.95 -0.1594 5.24 1.77
BM_LS_2 2.59 5.47 17.11 -0.3894 4.59 2.24
BM_LS_3 1.76 3.89 9.20 -0.1634 3.31 1.54
W_LT_1 2.33 4.16 8.65 -0.1536 3.66 1.32
WT_LT_1 2.02 3.13 5.18 -0.0140 2.85 0.77
WT_LT_2 2.95 5.15 10.58 -0.1576 4.55 1.59
WT_LS_1 2.83 5.30 17.47 -0.4790 4.51 1.97
Qx stands for quantile x of the distribution
Table B.4 – Summary of distance to nearest neighbor statistics
Distance to nearest neighbor - Lnn - GEV
Specimen Q0.05 (µm) Q0.50 (µm) Q0.95 (µm) ξGEV µGEV σGEV
BM_LT_1 13.94 55.89 135.76 -0.0332 45.20 29.01
BM_LS_1 5.57 31.88 93.78 -0.1357 24.79 18.86
BM_LT_2 7.84 31.82 78.04 -0.0392 25.69 16.62
BM_LS_2 6.32 30.38 94.66 -0.1963 23.69 17.60
BM_LS_3 16.14 49.52 106.04 0.0244 41.28 22.60
W_LT_1 4.72 19.40 135.41 -0.6896 14.25 12.37
WT_LT_1 8.18 28.16 66.09 -0.0320 23.07 13.81
WT_LT_2 7.08 28.08 67.16 -0.0222 22.76 14.46
WT_LS_1 5.94 35.27 100.85 -0.1111 27.48 20.85
Qx stands for quantile x of the distribution
Table B.5 – Summary of aspect ratios statistics
Aspect ratio (AR) - Beta
Specimen Q0.05 Q0.50 Q0.95 αbe βbe
BM_LT_1 0.33 0.66 0.90 4.219 2.308
BM_LS_1 0.17 0.42 0.70 3.519 4.770
BM_LT_2 0.28 0.52 0.76 5.570 5.182
BM_LS_2 0.28 0.57 0.83 4.406 3.363
BM_LS_3 0.37 0.61 0.82 6.989 4.550
W_LT_1 0.25 0.55 0.82 3.921 3.309
WT_LT_1 0.17 0.43 0.72 3.378 4.405
WT_LT_2 0.32 0.60 0.84 5.209 3.570
WT_LS_1 0.27 0.58 0.84 4.013 3.049
Qx stands for quantile x of the distribution
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Table B.6 – Summary of inclusion ligament ratio (χinc) statistics
Inclusion ligament ratio χinc - GEV
Specimen Q0.05 (µm) Q0.50 (µm) Q0.95 (µm) ξGEV µGEV σGEV
BM_LT_1 0.03 0.10 0.52 -0.574864 0.072830 0.056501
BM_LS_1 0.04 0.10 0.50 -0.603674 0.077643 0.051500
BM_LT_2 0.08 0.21 0.77 -0.399571 0.169522 0.105326
BM_LS_2 0.06 0.20 0.93 -0.485679 0.157258 0.115961
BM_LS_3 0.03 0.09 0.35 -0.442155 0.069974 0.045710
W_LT_1 0.05 0.21 1.15* -0.577493 0.155311 0.126154
WT_LT_1 0.05 0.12 0.44 -0.414294 0.102356 0.057191
WT_LT_2 0.08 0.22 0.78 -0.386716 0.175160 0.108744
WT_LS_1 0.06 0.19 0.92 -0.540647 0.143446 0.105816
Qx stands for quantile x of the distribution
* - not physically admissible (GEV isn’t bounded, but Beta led to a worst fit in this region)
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B.3 Specimen BM_LT_1
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(b) PP plot for GEV diameters distribution
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(d) PP plot for GEV distances distribution
Figure B.3 – Statistics on diameters and distances on BM_LT_1
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(b) PP plot for Beta aspect ratio distribution
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(c) Ellipses orientation
Figure B.4 – Statistics on aspect ratio and orientation of ellipses on BM_LT_1
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(a) Ligament size ratio χinc and GEV distribution fitting
0.0 0.2 0.4 0.6 0.8 1.0
Empirical CDF
0.0
0.2
0.4
0.6
0.8
1.0
G
E
V
C
D
F
Ideal
Fitting
(b) PP plot for ligament size ratio χinc distribution
Figure B.5 – Statistics on aspect ratio and orientation of ellipses on BM_LT_1
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B.4 Specimen BM_LS_1
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(b) PP plot for GEV diameters distribution
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(d) PP plot for GEV distances distribution
Figure B.6 – Statistics on diameters and distances on BM_LS_1
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(a) Aspect ratio and Beta distribution fitting
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(b) PP plot for Beta aspect ratio distribution
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(c) Ellipses orientation
Figure B.7 – Statistics on aspect ratio and orientation of ellipses on BM_LS_1
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(a) Ligament size ratio χinc and GEV distribution fitting
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(b) PP plot for ligament size ratio χinc distribution
Figure B.8 – Statistics on aspect ratio and orientation of ellipses on BM_LS_1
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B.5 Specimen BM_LT_2
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(b) PP plot for GEV diameters distribution
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(d) PP plot for GEV distances distribution
Figure B.9 – Statistics on diameters and distances on BM_LT_2
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(a) Aspect ratio and Beta distribution fitting
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(b) PP plot for Beta aspect ratio distribution
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(c) Ellipses orientation
Figure B.10 – Statistics on aspect ratio and orientation of ellipses on BM_LT_2
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(a) Ligament size ratio χinc and GEV distribution fitting
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(b) PP plot for ligament size ratio χinc distribution
Figure B.11 – Statistics on aspect ratio and orientation of ellipses on BM_LT_2
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(b) PP plot for GEV diameters distribution
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(c) Distance to nearest neighbor and GEV fitting
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(d) PP plot for GEV distances distribution
Figure B.12 – Statistics on diameters and distances on BM_LS_2
112
B.6. Specimen BM_LS_2
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(a) Aspect ratio and Beta distribution fitting
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(b) PP plot for Beta aspect ratio distribution
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(c) Ellipses orientation
Figure B.13 – Statistics on aspect ratio and orientation of ellipses on BM_LS_2
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Appendix B. Data from metallographic analyses
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(a) Ligament size ratio χinc and GEV distribution fitting
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(b) PP plot for ligament size ratio χinc distribution
Figure B.14 – Statistics on aspect ratio and orientation of ellipses on BM_LS_2
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B.7. Specimen BM_LS_3
B.7 Specimen BM_LS_3
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(a) Circular diameters and GEV distribution fitting
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(b) PP plot for GEV diameters distribution
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(c) Distance to nearest neighbor and GEV fitting
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(d) PP plot for GEV distances distribution
Figure B.15 – Statistics on diameters and distances on BM_LS_3
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Appendix B. Data from metallographic analyses
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(a) Aspect ratio and Beta distribution fitting
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(b) PP plot for Beta aspect ratio distribution
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(c) Ellipses orientation
Figure B.16 – Statistics on aspect ratio and orientation of ellipses on BM_LS_3
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B.7. Specimen BM_LS_3
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(a) Ligament size ratio χinc and GEV distribution fitting
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(b) PP plot for ligament size ratio χinc distribution
Figure B.17 – Statistics on aspect ratio and orientation of ellipses on BM_LS_3
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Appendix B. Data from metallographic analyses
B.8 Specimen W_LT_1
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(a) Circular diameters and GEV distribution fitting
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(b) PP plot for GEV diameters distribution
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(c) Distance to nearest neighbor and GEV fitting
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(d) PP plot for GEV distances distribution
Figure B.18 – Statistics on diameters and distances on W_LT_1
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B.8. Specimen W_LT_1
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(a) Aspect ratio and Beta distribution fitting
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(b) PP plot for Beta aspect ratio distribution
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(c) Ellipses orientation
Figure B.19 – Statistics on aspect ratio and orientation of ellipses on W_LT_1
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Appendix B. Data from metallographic analyses
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(a) Ligament size ratio χinc and GEV distribution fitting
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(b) PP plot for ligament size ratio χinc distribution
Figure B.20 – Statistics on aspect ratio and orientation of ellipses on W_LT_1
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B.9. Specimen WT_LT_1
B.9 Specimen WT_LT_1
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(a) Circular diameters and GEV distribution fitting
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(b) PP plot for GEV diameters distribution
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(c) Distance to nearest neighbor and GEV fitting
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(d) PP plot for GEV distances distribution
Figure B.21 – Statistics on diameters and distances on WT_LT_1
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Appendix B. Data from metallographic analyses
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(a) Aspect ratio and Beta distribution fitting
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(b) PP plot for Beta aspect ratio distribution
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(c) Ellipses orientation
Figure B.22 – Statistics on aspect ratio and orientation of ellipses on WT_LT_1
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B.9. Specimen WT_LT_1
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(a) Ligament size ratio χinc and GEV distribution fitting
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(b) PP plot for ligament size ratio χinc distribution
Figure B.23 – Statistics on aspect ratio and orientation of ellipses on WT_LT_1
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Appendix B. Data from metallographic analyses
B.10 Specimen WT_LT_2
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(a) Circular diameters and GEV distribution fitting
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(b) PP plot for GEV diameters distribution
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(c) Distance to nearest neighbor and GEV fitting
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(d) PP plot for GEV distances distribution
Figure B.24 – Statistics on diameters and distances on WT_LT_2
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B.10. Specimen WT_LT_2
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(a) Aspect ratio and Beta distribution fitting
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(b) PP plot for Beta aspect ratio distribution
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(c) Ellipses orientation
Figure B.25 – Statistics on aspect ratio and orientation of ellipses on WT_LT_2
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Appendix B. Data from metallographic analyses
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(a) Ligament size ratio χinc and GEV distribution fitting
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(b) PP plot for ligament size ratio χinc distribution
Figure B.26 – Statistics on aspect ratio and orientation of ellipses on WT_LT_2
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B.11. Specimen WT_LS_1
B.11 Specimen WT_LS_1
0 5 10 15 20
Void Diameters - µm
F
re
q
u
en
cy
/
p
ro
b
a
b
il
it
y
d
en
si
ty
GEV Fitting
Data
(a) Circular diameters and GEV distribution fitting
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(b) PP plot for GEV diameters distribution
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(c) Distance to nearest neighbor and GEV fitting
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(d) PP plot for GEV distances distribution
Figure B.27 – Statistics on diameters and distances on WT_LS_1
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Appendix B. Data from metallographic analyses
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(a) Aspect ratio and Beta distribution fitting
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(b) PP plot for Beta aspect ratio distribution
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(c) Ellipses orientation
Figure B.28 – Statistics on aspect ratio and orientation of ellipses on WT_LS_1
128
B.11. Specimen WT_LS_1
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(a) Ligament size ratio χinc and GEV distribution fitting
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(b) PP plot for ligament size ratio χinc distribution
Figure B.29 – Statistics on aspect ratio and orientation of ellipses on WT_LS_1
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C Data from single notched bar
tests
This annex presents a summary of the data gathered in the single notched round bar tests.
Fig. C.2 presents the designations in describing the geometry of each specimen. Displacement
at time t is defined as the difference between hSN (t) and hSN (t0) and is denoted as δSN .
When the designation FEM is evoked in this annex it is referring to the model described in
chapter ?? and annex A.
T1M_7_1
specimen type
nominal dimensions
loading
specimen number
material
Figure C.1 – Specimen designation for single notched specimens
Table C.1 – Data summary for monotonic tests
Specimen δSN,testf (mm) δ
SN,FEM
f (mm) % difference Page
T1M_7_1 0.608 0.506 16.7 136
T1M_7_2 0.554 0.479 13.5 140
T1M_7_3 0.519 0.482 7.1 144
T2M_7_1 0.561 0.580 3.6 148
T2M_7_2 0.598 0.595 0.5 152
T2M_7_3 0.655 0.608 7.1 156
f0 = 1e− 3,w0 = 1.0,χ0 = 0.25
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Appendix C. Data from single notched bar tests
Table C.2 – Data summary for cyclic tests
Specimen ∆δSN,test (mm) HFEMc Htestc Page
T1CA1_7_1 0.35 9 11 160
T1CA2_7_1 0.41 5 7 164
T1CA2_7_2 0.48 3 5 168
T2CA1_7_1 0.24 19 21 172
T2CA1_7_2 0.20 27 29 176
T2CA1_7_3 0.22 23 31 180
T2CA2_7_1 0.44 7 9 184
T2CA2_7_2 0.39 9 11 188
f0 = 1e− 3,w0 = 1.0,χ0 = 0.25,% = 1.125
Hc stands for half cycle
hSNedge
hSNn
hSN
RSNnotch
RSN
axis of revolution
DIC target
Figure C.2 – Geometry of single notched specimens
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C.1. SEM micrographs
C.1 SEM micrographs
(a) (b)
(c) Center of the specimen (d) Center of the specimen
Figure C.3 – SEM micrographs of fracture surface for specimen T1M_7_1
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Appendix C. Data from single notched bar tests
(a) (b)
(c) Center of the specimen (d) Center of the specimen
Figure C.4 – SEM micrographs of fracture surface for specimen T2M_7_3
(a) (b)
(c) Center of the specimen (d) Center of the specimen
Figure C.5 – SEM micrographs of fracture surface for specimen T2CA1_7_2
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C.1. SEM micrographs
(a) (b)
(c) Center of the specimen (d) Center of the specimen
Figure C.6 – SEM micrographs of fracture surface for specimen T2CA2_7_2
(a) (b)
(c) Center of the specimen (d) Center of the specimen
Figure C.7 – SEM micrographs of fracture surface for specimen T1CA1_7_1
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Appendix C. Data from single notched bar tests
C.2 T1M_7_1
Geometry
Figure C.8 – DIC targets and scale for speci-
men T1M_7_1
• hSN (mm): 10.71
• hSNedge (mm): 3.35
• hSNn (mm): 5.05
• RSN (mm): 3.07
• RSNnotch (mm): 1.37
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Figure C.9 – Force-displacement curve for specimen T1M_7_1
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C.2. T1M_7_1
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Figure C.10 – Loading time history for specimen T1M_7_ 1
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Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.11 – Load history at the center of specimen T1M_7_1
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C.2. T1M_7_1
FEM cross-sectional results at the notched height
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Figure C.12 – Cross-sectional results at failure T1M_7_1
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Appendix C. Data from single notched bar tests
C.3 T1M_7_2
Geometry
Figure C.13 – DIC targets and scale for speci-
men T1M_7_2
• hSN (mm): 9.84
• hSNedge (mm): 3.19
• hSNn (mm): 4.82
• RSN (mm): 3.03
• RSNnotch (mm): 1.4
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Figure C.14 – Force-displacement curve for specimen T1M_7_2
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C.3. T1M_7_2
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Figure C.15 – Loading time history for specimen T1M_7_ 2
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Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.16 – Load history at the center of specimen T1M_7_2
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C.3. T1M_7_2
FEM cross-sectional results at the notched height
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Figure C.17 – Cross-sectional results at failure T1M_7_2
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Appendix C. Data from single notched bar tests
C.4 T1M_7_3
Geometry
Figure C.18 – DIC targets and scale for speci-
men T1M_7_3
• hSN (mm): 15.29
• hSNedge (mm): 5.78
• hSNn (mm): 7.37
• RSN (mm): 3.05
• RSNnotch (mm): 1.33
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Figure C.19 – Force-displacement curve for specimen T1M_7_3
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C.4. T1M_7_3
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Figure C.20 – Loading time history for specimen T1M_7_ 3
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Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.21 – Load history at the center of specimen T1M_7_3
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C.4. T1M_7_3
FEM cross-sectional results at the notched height
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Figure C.22 – Cross-sectional results at failure T1M_7_3
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Appendix C. Data from single notched bar tests
C.5 T2M_7_1
Geometry
Figure C.23 – DIC targets and scale for speci-
men T2M_7_1
• hSN (mm): 10.7
• hSNedge (mm): 3.76
• hSNn (mm): 5.83
• RSN (mm): 3.09
• RSNnotch (mm): 1.02
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Figure C.24 – Force-displacement curve for specimen T2M_7_1
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Figure C.25 – Loading time history for specimen T2M_7_ 1
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Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.26 – Load history at the center of specimen T2M_7_1
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C.5. T2M_7_1
FEM cross-sectional results at the notched height
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Figure C.27 – Cross-sectional results at failure T2M_7_1
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Appendix C. Data from single notched bar tests
C.6 T2M_7_2
Geometry
Figure C.28 – DIC targets and scale for speci-
men T2M_7_2
• hSN (mm): 11.52
• hSNedge (mm): 4.1
• hSNn (mm): 6.18
• RSN (mm): 3.12
• RSNnotch (mm): 1.04
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Figure C.29 – Force-displacement curve for specimen T2M_7_2
152
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Figure C.30 – Loading time history for specimen T2M_7_ 2
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Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.31 – Load history at the center of specimen T2M_7_2
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C.6. T2M_7_2
FEM cross-sectional results at the notched height
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Figure C.32 – Cross-sectional results at failure T2M_7_2
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Appendix C. Data from single notched bar tests
C.7 T2M_7_3
Geometry
Figure C.33 – DIC targets and scale for speci-
men T2M_7_3
• hSN (mm): 11.67
• hSNedge (mm): 3.96
• hSNn (mm): 6.07
• RSN (mm): 3.1
• RSNnotch (mm): 1.01
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Figure C.34 – Force-displacement curve for specimen T2M_7_3
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Figure C.35 – Loading time history for specimen T2M_7_ 3
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Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.36 – Load history at the center of specimen T2M_7_3
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C.7. T2M_7_3
FEM cross-sectional results at the notched height
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Figure C.37 – Cross-sectional results at failure T2M_7_3
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Appendix C. Data from single notched bar tests
C.8 T1CA1_7_1
Geometry
Figure C.38 – DIC targets and scale for speci-
men T1CA1_7_1
• hSN (mm): 8.13
• hSNedge (mm): 2.64
• hSNn (mm): 4.23
• RSN (mm): 3.02
• RSNnotch (mm): 1.53
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Figure C.39 – Force-displacement curve for specimen T1CA1_7_1
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Figure C.40 – Loading time history for specimen T1CA1_7_ 1
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Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.41 – Load history at the center of specimen T1CA1_7_1
162
C.8. T1CA1_7_1
FEM cross-sectional results at the notched height
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Figure C.42 – Cross-sectional results at failure T1CA1_7_1
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Appendix C. Data from single notched bar tests
C.9 T1CA2_7_1
Geometry
Figure C.43 – DIC targets and scale for speci-
men T1CA2_7_1
• hSN (mm): 7.29
• hSNedge (mm): 1.92
• hSNn (mm): 3.49
• RSN (mm): 3.05
• RSNnotch (mm): 1.43
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Figure C.44 – Force-displacement curve for specimen T1CA2_7_1
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Figure C.45 – Loading time history for specimen T1CA2_7_ 1
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Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.46 – Load history at the center of specimen T1CA2_7_1
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C.9. T1CA2_7_1
FEM cross-sectional results at the notched height
−1.0
−0.8
−0.6
−0.4
−0.2
0.0
0.2
φ
T
B
L
0.000
0.001
0.002
0.003
0.004
0.005
f
−1.6 −1.4 −1.2 −1.0 −0.8 −0.6 −0.4 −0.2 0.0 0.2
−1.0
−0.5
0.0
0.5
1.0
S
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
T
−1.6 −1.4 −1.2 −1.0 −0.8 −0.6 −0.4 −0.2 0.0 0.2
Distance to axis of revolution (mm)
−1.2
−1.0
−0.8
−0.6
−0.4
−0.2
0.0
L
7th half cycle 5th half cycle 3rd half cycle
Figure C.47 – Cross-sectional results at failure T1CA2_7_1
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Appendix C. Data from single notched bar tests
C.10 T1CA2_7_2
Geometry
Figure C.48 – DIC targets and scale for speci-
men T1CA2_7_2
• hSN (mm): 7.65
• hSNedge (mm): 2.00
• hSNn (mm): 3.64
• RSN (mm): 3.09
• RSNnotch (mm): 1.36
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Figure C.49 – Force-displacement curve for specimen T1CA2_7_2
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Figure C.50 – Loading time history for specimen T1CA2_7_ 2
169
Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.51 – Load history at the center of specimen T1CA2_7_2
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C.10. T1CA2_7_2
FEM cross-sectional results at the notched height
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Figure C.52 – Cross-sectional results at failure T1CA2_7_2
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Appendix C. Data from single notched bar tests
C.11 T2CA1_7_1
Geometry
Figure C.53 – DIC targets and scale for speci-
men T2CA1_7_1
• hSN (mm): 8.93
• hSNedge (mm): 2.17
• hSNn (mm): 4.39
• RSN (mm): 3.14
• RSNnotch (mm): 1.02
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Figure C.54 – Force-displacement curve for specimen T2CA1_7_1
172
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Figure C.55 – Loading time history for specimen T2CA1_7_ 1
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Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.56 – Load history at the center of specimen T2CA1_7_1
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C.11. T2CA1_7_1
FEM cross-sectional results at the notched height
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Figure C.57 – Cross-sectional results at failure T2CA1_7_1
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Appendix C. Data from single notched bar tests
C.12 T2CA1_7_2
Geometry
Figure C.58 – DIC targets and scale for speci-
men T2CA1_7_2
• hSN (mm): 8.60
• hSNedge (mm): 2.25
• hSNn (mm): 4.28
• RSN (mm): 2.99
• RSNnotch (mm): 1.02
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Figure C.59 – Force-displacement curve for specimen T2CA1_7_2
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Figure C.60 – Loading time history for specimen T2CA1_7_ 2
177
Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.61 – Load history at the center of specimen T2CA1_7_2
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C.12. T2CA1_7_2
FEM cross-sectional results at the notched height
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Figure C.62 – Cross-sectional results at failure T2CA1_7_2
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Appendix C. Data from single notched bar tests
C.13 T2CA1_7_3
Geometry
Figure C.63 – DIC targets and scale for speci-
men T2CA1_7_3
• hSN (mm): 8.45
• hSNedge (mm): 2.15
• hSNn (mm): 4.34
• RSN (mm): 3.13
• RSNnotch (mm): 1.02
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Figure C.64 – Force-displacement curve for specimen T2CA1_7_3
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C.13. T2CA1_7_3
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Figure C.65 – Loading time history for specimen T2CA1_7_ 3
181
Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.66 – Load history at the center of specimen T2CA1_7_3
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C.13. T2CA1_7_3
FEM cross-sectional results at the notched height
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Figure C.67 – Cross-sectional results at failure T2CA1_7_3
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Appendix C. Data from single notched bar tests
C.14 T2CA2_7_1
Geometry
Figure C.68 – DIC targets and scale for speci-
men T2CA2_7_1
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Figure C.69 – Force-displacement curve for specimen T2CA2_7_1
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Figure C.70 – Loading time history for specimen T2CA2_7_ 1
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Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.71 – Load history at the center of specimen T2CA2_7_1
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C.14. T2CA2_7_1
FEM cross-sectional results at the notched height
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Figure C.72 – Cross-sectional results at failure T2CA2_7_1
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Appendix C. Data from single notched bar tests
C.15 T2CA2_7_2
Geometry
Figure C.73 – DIC targets and scale for speci-
men T2CA2_7_2
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Figure C.74 – Force-displacement curve for specimen T2CA2_7_2
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Figure C.75 – Loading time history for specimen T2CA2_7_ 2
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Appendix C. Data from single notched bar tests
FEM results at the integration point of an element at the center of the specimen
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Figure C.76 – Load history at the center of specimen T2CA2_7_2
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C.15. T2CA2_7_2
FEM cross-sectional results at the notched height
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Figure C.77 – Cross-sectional results at failure T2CA2_7_2
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D Data from double notched tube
tests
D.1 Fracture surfaces
D.1.1 Monotonic
Figure D.1 – Slant fracture in monotonic pure tension (path 1) double notched specimens
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Appendix D. Data from double notched tube tests
Figure D.2 – Slant fracture in monotonic pure torsion (path 2) double notched specimens
Figure D.3 – Fracture surface in monotonic for load path 3 in double notched specimens
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D.1. Fracture surfaces
Figure D.4 – Fracture surface in monotonic for load path 4 in double notched specimens
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Appendix D. Data from double notched tube tests
D.1.2 Large amplitude cyclic loading
Figure D.5 – Slant fracture in cyclic pure tension (path 1) double notched specimens
Figure D.6 – Fracture surface in cyclic for load path 2 in double notched specimens
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D.1. Fracture surfaces
Figure D.7 – Fracture surface in cyclic for load path 3 in double notched specimens
Figure D.8 – Fracture surface in cyclic for load path 4 in double notched specimens
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Appendix D. Data from double notched tube tests
D.2 SEM micrographs
D.2.1 Monotonic loading
slant fracture
effect of a non-axisymmetric stress
state in void shape
circumferential
center line
edge
close-up of
ellipsoidal void
Figure D.9 – Fractography of a double notched specimen loaded in monotonic pure tension -
DN7M1_1
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D.2. SEM micrographs
(a) (b)
(c)
Figure D.10 – SEM micrographs of fracture surface for specimen DN7M2_3
(a) (b)
(c) (d)
Figure D.11 – SEM micrographs of fracture surface for specimen DN7M3_1
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Appendix D. Data from double notched tube tests
(a) (b)
Figure D.12 – SEM micrographs of fracture surface through cross section for specimen
DN7M3_1
(a) (b)
(c) (d)
Figure D.13 – SEM micrographs of fracture surface for specimen DN7M4_3
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D.2. SEM micrographs
D.2.2 Large amplitude cyclic loading
(a) (b)
(c) (d)
Figure D.14 – SEM micrographs of fracture surface for specimen DN7CA1_1
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Appendix D. Data from double notched tube tests
(a) (b)
(c)
Figure D.15 – SEM micrographs of fracture surface for specimen DN7CA2_1
(a) (b)
(c) (d)
Figure D.16 – SEM micrographs of fracture surface for specimen DN7CA3_1
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D.2. SEM micrographs
(a) (b)
(c) (d)
Figure D.17 – SEM micrographs of fracture surface for specimen DN7CA4_1
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Figure D.18 – Comparison between test and FEM results for specimen DN7M1_1
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Appendix D. Data from double notched tube tests
Cross-section results
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Figure D.19 – FEM cross-section results in last load step for specimen DN7M1_1
206
D.3. DN7M1_1
FEM results in an integration point
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Figure D.20 – Load history at the integration point of element of highest φTBL for specimen
DN7M1_1
Loading
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Appendix D. Data from double notched tube tests
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Figure D.21 – Loading time history for specimen DN7M1_1
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D.4. DN7M1_2
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Figure D.22 – Comparison between test and FEM results for specimen DN7M1_2
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Appendix D. Data from double notched tube tests
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Figure D.23 – Loading time history for specimen DN7M1_2
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D.5. DN7M1_3
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Figure D.24 – Comparison between test and FEM results for specimen DN7M1_3
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Appendix D. Data from double notched tube tests
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Figure D.25 – Loading time history for specimen DN7M1_3
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D.6. DN7M2_1
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Figure D.26 – Comparison between test and FEM results for specimen DN7M2_1
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Appendix D. Data from double notched tube tests
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Figure D.27 – Loading time history for specimen DN7M2_1
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Figure D.28 – Comparison between test and FEM results for specimen DN7M2_2
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Appendix D. Data from double notched tube tests
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Figure D.29 – Loading time history for specimen DN7M2_2
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Figure D.30 – Comparison between test and FEM results for specimen DN7M2_3
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Appendix D. Data from double notched tube tests
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Figure D.31 – Loading time history for specimen DN7M2_3
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Figure D.32 – Comparison between test and FEM results for specimen DN7M3_1
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Appendix D. Data from double notched tube tests
Cross-section results
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Figure D.33 – FEM cross-section results in last load step for specimen DN7M3_1
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D.9. DN7M3_1
FEM results in an integration point
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Figure D.34 – Load history at the integration point of element of highest φTBL for specimen
DN7M3_1
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Appendix D. Data from double notched tube tests
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Figure D.35 – Loading time history for specimen DN7M3_1
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Figure D.36 – Comparison between test and FEM results for specimen DN7M3_2
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Appendix D. Data from double notched tube tests
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Figure D.37 – Loading time history for specimen DN7M3_2
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Figure D.38 – Comparison between test and FEM results for specimen DN7M3_3
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Appendix D. Data from double notched tube tests
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Figure D.39 – Loading time history for specimen DN7M3_3
226
D.12. DN7M4_1
D.12 DN7M4_1
Summary
0.0000 0.0625 0.1250 0.1875 0.2500
δDN (mm)
0
2
4
6
8
10
12
14
F
o
rc
e
(k
N
)
Test
(a) Force-displacement
0.00 1.75 3.50 5.25 7.00
θDN (Deg)
0
20
40
60
80
100
120
140
160
M
o
m
en
t
(N
.m
)
Test
(b) Torque-rotation
0.00 0.05 0.10 0.15 0.20 0.25
δDN (mm)
0
1
2
3
4
5
6
7
θ
D
N
(d
eg
)
(c) Rotation-displacement
0 10 20 30 40 50 60
Force (kN)
0
20
40
60
80
100
120
140
160
T
o
rq
u
e
(N
.m
)
(d) Force-torque
Figure D.40 – Comparison between test and FEM results for specimen DN7M4_1
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Appendix D. Data from double notched tube tests
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Figure D.41 – Loading time history for specimen DN7M4_1
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Figure D.42 – Comparison between test and FEM results for specimen DN7M4_2
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Appendix D. Data from double notched tube tests
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Figure D.43 – Loading time history for specimen DN7M4_2
230
D.14. DN7M4_3
D.14 DN7M4_3
Summary
−0.005 0.015 0.035
Displacement (mm)
0
2
4
6
8
10
12
14
F
o
rc
e
(k
N
)
Test
FEM
(a) Force-displacement
0.00 1.25 2.50 3.75 5.00
Rotation (deg)
0
20
40
60
80
100
120
140
160
180
M
o
m
en
t
(N
.m
)
Test
FEM
(b) Torque-rotation
0.00 0.05 0.10 0.15 0.20 0.25
δDN (mm)
0
1
2
3
4
5
6
7
θ
D
N
(D
eg
)
Test
FEM
(c) Rotation-displacement
0 10 20 30 40 50 60
Force (kN)
0
20
40
60
80
100
120
140
160
T
o
rq
u
e
(N
.m
)
Test
FEM
(d) Force-torque
Figure D.44 – Comparison between test and FEM results for specimen DN7M4_3
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Appendix D. Data from double notched tube tests
Cross-section results
−1.0
−0.8
−0.6
−0.4
−0.2
0.0
0.2
φ
T
B
L
0.000
0.001
0.002
0.003
0.004
0.005
f
0.0 0.2 0.4 0.6 0.8 1.0
−1.0
−0.5
0.0
0.5
1.0
1.5
S
0.0
0.2
0.4
0.6
0.8
1.0
1.2
T
−1.0
−0.8
−0.6
−0.4
−0.2
0.0
L
0.0 0.2 0.4 0.6 0.8 1.0
Distance from internal edge of the notch (mm)
0
10
20
30
40
50
60
70
80
90
η
v
(D
eg
)
Figure D.45 – FEM cross-section results in last load step for specimen DN7M4_3
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D.14. DN7M4_3
FEM results in an integration point
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Figure D.46 – Load history at the integration point of element of highest φTBL for specimen
DN7M4_3
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Appendix D. Data from double notched tube tests
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Figure D.47 – Loading time history for specimen DN7M4_3
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Figure D.48 – Comparison between test and FEM results for specimen DN7CA1_1
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Appendix D. Data from double notched tube tests
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Figure D.49 – Loading time history for specimen DN7CA1_1
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Figure D.50 – Comparison between test and FEM results for specimen DN7CA1_2
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Appendix D. Data from double notched tube tests
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Figure D.51 – Loading time history for specimen DN7CA1_2
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Figure D.52 – Comparison between test and FEM results for specimen DN7CA1_3
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Appendix D. Data from double notched tube tests
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Figure D.53 – Loading time history for specimen DN7CA1_3
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Figure D.54 – Comparison between test and FEM results for specimen DN7CA2_1
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Appendix D. Data from double notched tube tests
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Figure D.55 – Loading time history for specimen DN7CA2_1
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Figure D.56 – Comparison between test and FEM results for specimen DN7CA2_2
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Appendix D. Data from double notched tube tests
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Figure D.57 – Loading time history for specimen DN7CA2_2
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Figure D.58 – Comparison between test and FEM results for specimen DN7CA2_3
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Figure D.59 – Loading time history for specimen DN7CA2_3
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Figure D.60 – Comparison between test and FEM results for specimen DN7CA3_2
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Appendix D. Data from double notched tube tests
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Figure D.61 – Loading time history for specimen DN7CA3_2
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Figure D.62 – Comparison between test and FEM results for specimen DN7CA3_3
249
Appendix D. Data from double notched tube tests
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Figure D.63 – Loading time history for specimen DN7CA3_3
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Figure D.64 – Comparison between test and FEM results for specimen DN7CA4_2
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Figure D.65 – Loading time history for specimen DN7CA4_2
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Figure D.66 – Comparison between test and FEM results for specimen DN7CA4_3
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Figure D.67 – Loading time history for specimen DN7CA4_3
254
E Data from tube to plate tests
This annex provides a summary of each tube to plate test
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Appendix E. Data from tube to plate tests
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Appendix E. Data from tube to plate tests
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E.1. A7CA1_1
E.1 A7CA1_1
E.1.1 Summary of key data
• a (mm): 3.94
• ψ (Deg): 19.52
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 2.74
• Loading frequency: v=1mm/s
• Loading ramp: Linear
• Measurement instruments: "DIC,
LVDT, inclinometer on tube, strain
gages on lever arm"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
9
• Number of cycles to failure (Nf ): 9
• ∆ε∗eq,mean = 13.78% averaged over 9
cycles
E.1.2 Loading data
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Figure E.1 – Hysteresis curves for specimen A7CA1_1
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Appendix E. Data from tube to plate tests
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Figure E.2 – Load sequence for specimen A7CA1_1
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Figure E.3 – DIC data for specimen A7CA1_1
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E.1. A7CA1_1
E.1.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.1.5 Notes
None
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E.2. A7CA1_2
E.2 A7CA1_2
E.2.1 Summary of key data
• a (mm): 4.14
• ψ (Deg): 20.18
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 2.63
• Loading frequency: v=1mm/s
• Loading ramp: Linear
• Measurement instruments: "DIC,
LVDT, inclinometer on tube, strain
gages on lever arm"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
13
• Number of cycles to failure (Nf ): 13
• ∆ε∗eq,mean = 14.33% averaged over 9
cycles
E.2.2 Loading data
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Figure E.4 – Hysteresis curves for specimen A7CA1_2
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Appendix E. Data from tube to plate tests
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Figure E.5 – Load sequence for specimen A7CA1_2
E.2.3 DIC data
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Figure E.6 – DIC data for specimen A7CA1_2
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E.2. A7CA1_2
E.2.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.2.5 Notes
None
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E.3. A7CA1_3
E.3 A7CA1_3
E.3.1 Summary of key data
• a (mm): 4.45
• ψ (Deg): 20.54
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 2.75
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
4
• Number of cycles to failure (Nf ): 9
• ∆ε∗eq,mean = 14.01% averaged over 4
cycles
E.3.2 Loading data
−20 −10 0 10 20
δ (mm)
−150
−100
−50
0
50
100
150
F
o
rc
e
in
b
en
d
in
g
ja
ck
(k
N
)
−4 −2 0 2 4
θ (Deg)
−80
−60
−40
−20
0
20
40
60
80
T
o
rq
u
e
(k
N
.m
)
Figure E.7 – Hysteresis curves for specimen A7CA1_3
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Appendix E. Data from tube to plate tests
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Figure E.8 – Load sequence for specimen A7CA1_3
E.3.3 DIC data
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Figure E.9 – DIC data for specimen A7CA1_3
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E.3. A7CA1_3
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Figure E.10 – FEM comparison of hysteresis curves for specimen A7CA1_3- Force-
displacement
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Figure E.11 – FEM comparison of hysteresis curves for specimen A7CA1_3- Torque-rotation
E.3.4 FEM comparison
E.3.5 Notes
None
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Appendix E. Data from tube to plate tests
0 2 4 6 8 10 12 14 16 18
t (reversals)
−20
−15
−10
−5
0
5
10
ε∗ e
q
(%
)
DIC - Averaged
DIC - Not of sufficient quality
FEM - submodel 0.6mm QuadR
Figure E.12 – Comparison of DIC measurements and FEM results for specimen A7CA1_3-
time history of point at the weld toe
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E.4. A7CA1_4
E.4 A7CA1_4
E.4.1 Summary of key data
• a (mm): 4.06
• ψ (Deg): 21.57
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 2.74
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
5
• Number of cycles to failure (Nf ): 5
• ∆ε∗eq,mean = 15.22% averaged over 3
cycles
E.4.2 Loading data
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Figure E.13 – Hysteresis curves for specimen A7CA1_4
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Appendix E. Data from tube to plate tests
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Figure E.14 – Load sequence for specimen A7CA1_4
E.4.3 DIC data
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Figure E.15 – DIC data for specimen A7CA1_4
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E.4. A7CA1_4
E.4.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.4.5 Notes
None
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E.5. A7CA1_5
E.5 A7CA1_5
E.5.1 Summary of key data
• a (mm): 4.44
• ψ (Deg): 28.47
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 2.76
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
11
• Number of cycles to failure (Nf ): 16
• ∆ε∗eq,mean = 14.67% averaged over 2
cycles
E.5.2 Loading data
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Figure E.16 – Hysteresis curves for specimen A7CA1_5
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Appendix E. Data from tube to plate tests
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Figure E.17 – Load sequence for specimen A7CA1_5
E.5.3 DIC data
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Figure E.18 – DIC data for specimen A7CA1_5
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E.5. A7CA1_5
E.5.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.5.5 Notes
None
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E.6. A7CA2_1
E.6 A7CA2_1
E.6.1 Summary of key data
• a (mm): 2.79
• ψ (Deg): 33.13
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 2.10
• Loading frequency: v=1 - 1.5 mm/s
• Loading ramp: Linear
• Measurement instruments: "DIC,
LVDT, inclinometer on tube"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
21
• Number of cycles to failure (Nf ): 35
• ∆ε∗eq,mean = 6.71% averaged over 21
cycles
E.6.2 Loading data
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Figure E.19 – Hysteresis curves for specimen A7CA2_1
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Appendix E. Data from tube to plate tests
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Figure E.20 – Load sequence for specimen A7CA2_1
E.6.3 DIC data
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Figure E.21 – DIC data for specimen A7CA2_1
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E.6. A7CA2_1
E.6.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.6.5 Notes
"During the test a problem happened with the data aquisition. That led to the loss of data of
about 1 cycle. Subsequent data was stored in a new file and the displacement of the bending
jack was only zeroed after a few data points, which explains the spike seen in the graphs."
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E.7. A7CA2_2
E.7 A7CA2_2
E.7.1 Summary of key data
• a (mm): 3.02
• ψ (Deg): 14.23
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 2.12
• Loading frequency: v=1 - 1.5 mm/s
• Loading ramp: Linear
• Measurement instruments: "DIC,
LVDT, inclinometer on tube"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
32
• Number of cycles to failure (Nf ): 35
• ∆ε∗eq,mean = 5.29% averaged over 29
cycles
E.7.2 Loading data
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Figure E.22 – Hysteresis curves for specimen A7CA2_2
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Appendix E. Data from tube to plate tests
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Figure E.23 – Load sequence for specimen A7CA2_2
E.7.3 DIC data
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Figure E.24 – DIC data for specimen A7CA2_2
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E.7. A7CA2_2
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Figure E.25 – FEM comparison of hysteresis curves for specimen A7CA2_2- Force-
displacement
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Figure E.26 – FEM comparison of hysteresis curves for specimen A7CA2_2- Torque-rotation
E.7.4 FEM comparison
E.7.5 Notes
None
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Appendix E. Data from tube to plate tests
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Figure E.27 – Comparison of DIC measurements and FEM results for specimen A7CA2_2-
time history of point at the weld toe
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E.8. A7CA2_3
E.8 A7CA2_3
E.8.1 Summary of key data
• a (mm): 3.71
• ψ (Deg): 19.58
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 1.98
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Not of sufficient
quality
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
18
• Number of cycles to failure (Nf ): 30
E.8.2 Loading data
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Figure E.28 – Hysteresis curves for specimen A7CA2_3
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Appendix E. Data from tube to plate tests
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Figure E.29 – Load sequence for specimen A7CA2_3
E.8.3 DIC data
No DIC data available - paint not of sufficient quality
E.8.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.8.5 Notes
None
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E.9. A7CA2_4
E.9 A7CA2_4
E.9.1 Summary of key data
• a (mm): 3.91
• ψ (Deg): 18.8
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 1.99
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Not of sufficient
quality
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
22
• Number of cycles to failure (Nf ): 31
E.9.2 Loading data
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Figure E.30 – Hysteresis curves for specimen A7CA2_4
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Appendix E. Data from tube to plate tests
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Figure E.31 – Load sequence for specimen A7CA2_4
E.9.3 DIC data
No DIC data available - paint not of sufficient quality
E.9.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.9.5 Notes
None
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E.10. A7CA3_1
E.10 A7CA3_1
E.10.1 Summary of key data
• a (mm): 4.37
• ψ (Deg): 21.18
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 4.08
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
5
• Number of cycles to failure (Nf ): 5
• ∆ε∗eq,mean = 20.92% averaged over 4
cycles
E.10.2 Loading data
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Figure E.32 – Hysteresis curves for specimen A7CA3_1
295
Appendix E. Data from tube to plate tests
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Figure E.33 – Load sequence for specimen A7CA3_1
E.10.3 DIC data
−10
0
10
ε x
x
(%
)
−10
0
10
ε y
y
(%
)
−10
0
10
ε x
y
(%
)
0 200 400 600 800 1000 1200
Picture number
−10
0
10
ε∗ e
q
(%
)
Figure E.34 – DIC data for specimen A7CA3_1
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E.10. A7CA3_1
E.10.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.10.5 Notes
None
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E.11. A7CA4_1
E.11 A7CA4_1
E.11.1 Summary of key data
• a (mm): 3.9
• ψ (Deg): 17.07
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 1.09
• Loading frequency: v=1mm/s
• Loading ramp: Linear
• Measurement instruments: "DIC,
LVDT, inclinometer on tube, strain
gages on lever arm"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
211
• Number of cycles to failure (Nf ): 211
• ∆ε∗eq,mean = 1.06% averaged over 31
cycles
E.11.2 Loading data
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Figure E.35 – Hysteresis curves for specimen A7CA4_1
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Appendix E. Data from tube to plate tests
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Figure E.36 – Load sequence for specimen A7CA4_1
E.11.3 DIC data
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Figure E.37 – DIC data for specimen A7CA4_1
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E.11. A7CA4_1
E.11.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.11.5 Notes
None
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E.12. B7CA1_1
E.12 B7CA1_1
E.12.1 Summary of key data
• a (mm): -
• ψ (Deg): -
• δ (mm): ∓ 21.00
• θ (Deg): ∓ 0.00
• Loading frequency: v=0.5mm/s
• Loading ramp: Linear
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: -
• Failure in DIC zone: -
• Number of cycles to first crack (Ninit):
-
• Number of cycles to failure (Nf ): -
E.12.2 Loading data
No loading data available - invalid test
E.12.3 DIC data
No DIC data available - paint not of sufficient quality
E.12.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.12.5 Notes
Failure at the root
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E.13. B7CA1_2
E.13 B7CA1_2
E.13.1 Summary of key data
• a (mm): 4.32
• ψ (Deg): 18.73
• δ (mm): ∓ 19.11
• θ (Deg): ∓ 0.00
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
4
• Number of cycles to failure (Nf ): 10
• ∆ε∗eq,mean = 14.74% averaged over 5
cycles
E.13.2 Loading data
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Figure E.38 – Hysteresis curves for specimen B7CA1_2
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Appendix E. Data from tube to plate tests
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Figure E.39 – Load sequence for specimen B7CA1_2
E.13.3 DIC data
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Figure E.40 – DIC data for specimen B7CA1_2
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E.13. B7CA1_2
E.13.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.13.5 Notes
None
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E.14. B7CA1_3
E.14 B7CA1_3
E.14.1 Summary of key data
• a (mm): 4.44
• ψ (Deg): 21.26
• δ (mm): ∓ 17.90
• θ (Deg): ∓ 0.00
• Loading frequency: 0.0051 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
5
• Number of cycles to failure (Nf ): 8
• ∆ε∗eq,mean = 16.44% averaged over 4
cycles
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Figure E.41 – Hysteresis curves for specimen B7CA1_3
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Appendix E. Data from tube to plate tests
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Figure E.42 – Load sequence for specimen B7CA1_3
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Figure E.43 – DIC data for specimen B7CA1_3
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E.14. B7CA1_3
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Figure E.44 – FEM comparison of hysteresis curves for specimen B7CA1_3- Force-
displacement
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Figure E.45 – FEM comparison of hysteresis curves for specimen B7CA1_3- Torque-rotation
E.14.4 FEM comparison
E.14.5 Notes
None
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Appendix E. Data from tube to plate tests
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Figure E.46 – Comparison of DIC measurements and FEM results for specimen B7CA1_3-
time history of point at the weld toe
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E.15. B7CA1_4
E.15 B7CA1_4
E.15.1 Summary of key data
• a (mm): 3.33
• ψ (Deg): 18.55
• δ (mm): ∓ 19.19
• θ (Deg): ∓ 0.00
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
4
• Number of cycles to failure (Nf ): 9
• ∆ε∗eq,mean = 14.28% averaged over 5
cycles
E.15.2 Loading data
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Figure E.47 – Hysteresis curves for specimen B7CA1_4
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Appendix E. Data from tube to plate tests
−4
−2
0
2
4
θ
(D
eg
)
0 200 400 600 800 1000 1200 1400 1600 1800
load sequence (acquisition point)
−20
−10
0
10
20
δ(
m
m
)
Figure E.48 – Load sequence for specimen B7CA1_4
E.15.3 DIC data
−10
0
10
ε x
x
(%
)
−10
0
10
ε y
y
(%
)
−10
0
10
ε x
y
(%
)
0 100 200 300 400 500 600 700 800
Picture number
−10
0
10
ε∗ e
q
(%
)
Figure E.49 – DIC data for specimen B7CA1_4
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E.15. B7CA1_4
E.15.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.15.5 Notes
None
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E.16. B7CA1_5
E.16 B7CA1_5
E.16.1 Summary of key data
• a (mm): 3.74
• ψ (Deg): 18.32
• δ (mm): ∓ 19.18
• θ (Deg): ∓ 0.00
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
3
• Number of cycles to failure (Nf ): 9
• ∆ε∗eq,mean = 15.82% averaged over 3
cycles
E.16.2 Loading data
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Figure E.50 – Hysteresis curves for specimen B7CA1_5
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Appendix E. Data from tube to plate tests
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Figure E.51 – Load sequence for specimen B7CA1_5
E.16.3 DIC data
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Figure E.52 – DIC data for specimen B7CA1_5
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E.16. B7CA1_5
E.16.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.16.5 Notes
None
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E.17. B7CA2_1
E.17 B7CA2_1
E.17.1 Summary of key data
• a (mm): 3.78
• ψ (Deg): 18.17
• δ (mm): ∓ 16.46
• θ (Deg): ∓ 0.00
• Loading frequency: 0.0055 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
15
• Number of cycles to failure (Nf ): 32
• ∆ε∗eq,mean = 7.50% averaged over 11
cycles
E.17.2 Loading data
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Figure E.53 – Hysteresis curves for specimen B7CA2_1
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Appendix E. Data from tube to plate tests
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Figure E.54 – Load sequence for specimen B7CA2_1
E.17.3 DIC data
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Figure E.55 – DIC data for specimen B7CA2_1
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E.17. B7CA2_1
E.17.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.17.5 Notes
None
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E.18. B7CA2_2
E.18 B7CA2_2
E.18.1 Summary of key data
• a (mm): 4.19
• ψ (Deg): 18.52
• δ (mm): ∓ 16.91
• θ (Deg): ∓ 0.00
• Loading frequency: 0.0055 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
10
• Number of cycles to failure (Nf ): 16
• ∆ε∗eq,mean = 10.91% averaged over 12
cycles
E.18.2 Loading data
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Figure E.56 – Hysteresis curves for specimen B7CA2_2
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Appendix E. Data from tube to plate tests
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Figure E.57 – Load sequence for specimen B7CA2_2
E.18.3 DIC data
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Figure E.58 – DIC data for specimen B7CA2_2
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E.18. B7CA2_2
E.18.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.18.5 Notes
Problem processing load acquisition data to discount the gap in jack head. First cycle should
be interpreted as coinciding with the ones that follow.
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E.19. B7CA2_3
E.19 B7CA2_3
E.19.1 Summary of key data
• a (mm): 3.57
• ψ (Deg): 18.72
• δ (mm): ∓ 16.97
• θ (Deg): ∓ 0.00
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
6
• Number of cycles to failure (Nf ): 17
• ∆ε∗eq,mean = 9.56% averaged over 8 cy-
cles
E.19.2 Loading data
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Figure E.59 – Hysteresis curves for specimen B7CA2_3
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Appendix E. Data from tube to plate tests
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Figure E.60 – Load sequence for specimen B7CA2_3
E.19.3 DIC data
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Figure E.61 – DIC data for specimen B7CA2_3
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E.19. B7CA2_3
E.19.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.19.5 Notes
Problem processing load acquisition data to discount the gap in jack head. Cycles should be
interpreted as coinciding with each other.
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E.20. B7CA2_4
E.20 B7CA2_4
E.20.1 Summary of key data
• a (mm): 4.45
• ψ (Deg): 25.25
• δ (mm): ∓ 16.77
• θ (Deg): ∓ 0.00
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
5
• Number of cycles to failure (Nf ): 11
• ∆ε∗eq,mean = 13.47% averaged over 7
cycles
E.20.2 Loading data
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Figure E.62 – Hysteresis curves for specimen B7CA2_4
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Appendix E. Data from tube to plate tests
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Figure E.63 – Load sequence for specimen B7CA2_4
E.20.3 DIC data
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Figure E.64 – DIC data for specimen B7CA2_4
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E.20. B7CA2_4
E.20.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.20.5 Notes
None
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E.21. C7CA1_1
E.21 C7CA1_1
E.21.1 Summary of key data
• a (mm): 4.46
• ψ (Deg): 19.46
• δ (mm): ∓ 18.12
• θ (Deg): ∓ 2.29
• Loading frequency: 0.005 Hz
• Loading ramp: Sinusoidal
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 6
• ∆ε∗eq,mean = 23.12% averaged over 3
cycles
E.21.2 Loading data
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Figure E.65 – Hysteresis curves for specimen C7CA1_1
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Appendix E. Data from tube to plate tests
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Figure E.66 – Load sequence for specimen C7CA1_1
E.21.3 DIC data
−20
0
20
ε x
x
(%
)
−20
0
20
ε y
y
(%
)
−20
0
20
ε x
y
(%
)
0 50 100 150 200 250 300 350
Picture number
−20
0
20
ε∗ e
q
(%
)
Figure E.67 – DIC data for specimen C7CA1_1
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E.21. C7CA1_1
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Figure E.68 – FEM comparison of hysteresis curves for specimen C7CA1_1- Force-
displacement
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Figure E.69 – FEM comparison of hysteresis curves for specimen C7CA1_1- Torque-rotation
E.21.4 FEM comparison
E.21.5 Notes
None
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Appendix E. Data from tube to plate tests
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Figure E.70 – Comparison of DIC measurements and FEM results for specimen C7CA1_1-
time history of point at the weld toe
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E.22. C7CA1_2
E.22 C7CA1_2
E.22.1 Summary of key data
• a (mm): 3.37
• ψ (Deg): 16.07
• δ (mm): ∓ 17.79
• θ (Deg): ∓ 2.04
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
4
• Number of cycles to failure (Nf ): 12
• ∆ε∗eq,mean = 14.99% averaged over 3
cycles
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Figure E.71 – Hysteresis curves for specimen C7CA1_2
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Appendix E. Data from tube to plate tests
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Figure E.72 – Load sequence for specimen C7CA1_2
E.22.3 DIC data
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Figure E.73 – DIC data for specimen C7CA1_2
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E.22. C7CA1_2
E.22.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.22.5 Notes
Large slippage occurred during the first cycle with force release.
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E.23. C7CA1_3
E.23 C7CA1_3
E.23.1 Summary of key data
• a (mm): 3.96
• ψ (Deg): 18.58
• δ (mm): ∓ 17.72
• θ (Deg): ∓ 2.05
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 7
• ∆ε∗eq,mean = 19.48% averaged over 1
cycles
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Figure E.74 – Hysteresis curves for specimen C7CA1_3
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Appendix E. Data from tube to plate tests
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Figure E.75 – Load sequence for specimen C7CA1_3
E.23.3 DIC data
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Figure E.76 – DIC data for specimen C7CA1_3
346
E.23. C7CA1_3
E.23.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.23.5 Notes
None
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E.24. C7CA1_4
E.24 C7CA1_4
E.24.1 Summary of key data
• a (mm): 5.25
• ψ (Deg): 29.22
• δ (mm): ∓ 18.28
• θ (Deg): ∓ 2.03
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 5
• ∆ε∗eq,mean = 29.76% averaged over 2
cycles
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Figure E.77 – Hysteresis curves for specimen C7CA1_4
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Appendix E. Data from tube to plate tests
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Figure E.78 – Load sequence for specimen C7CA1_4
E.24.3 DIC data
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Figure E.79 – DIC data for specimen C7CA1_4
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E.24. C7CA1_4
E.24.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.24.5 Notes
None
351

E.25. C7CA2_1
E.25 C7CA2_1
E.25.1 Summary of key data
• a (mm): 4.42
• ψ (Deg): 22.5
• δ (mm): ∓ 15.50
• θ (Deg): ∓ 1.78
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
3
• Number of cycles to failure (Nf ): 14
• ∆ε∗eq,mean = 16.06% averaged over 3
cycles
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Figure E.80 – Hysteresis curves for specimen C7CA2_1
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Appendix E. Data from tube to plate tests
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Figure E.81 – Load sequence for specimen C7CA2_1
E.25.3 DIC data
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Figure E.82 – DIC data for specimen C7CA2_1
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E.25. C7CA2_1
E.25.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.25.5 Notes
None
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E.26. C7CA2_2
E.26 C7CA2_2
E.26.1 Summary of key data
No key data available - invalid test
E.26.2 Loading data
No loading data available - invalid test
E.26.3 DIC data
No DIC data available - paint not of sufficient quality
E.26.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.26.5 Notes
Inclinometer unglued from base plate
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E.27. C7CA2_3
E.27 C7CA2_3
E.27.1 Summary of key data
• a (mm): 4.77
• ψ (Deg): 34.96
• δ (mm): ∓ 15.53
• θ (Deg): ∓ 1.78
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
4
• Number of cycles to failure (Nf ): 14
• ∆ε∗eq,mean = 11.59% averaged over 4
cycles
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Figure E.83 – Hysteresis curves for specimen C7CA2_3
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Appendix E. Data from tube to plate tests
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Figure E.84 – Load sequence for specimen C7CA2_3
E.27.3 DIC data
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Figure E.85 – DIC data for specimen C7CA2_3
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E.27. C7CA2_3
E.27.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.27.5 Notes
None
361

E.28. C7CA2_4
E.28 C7CA2_4
E.28.1 Summary of key data
• a (mm): 3.69
• ψ (Deg): 17.73
• δ (mm): ∓ 15.49
• θ (Deg): ∓ 1.78
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
3
• Number of cycles to failure (Nf ): 13
• ∆ε∗eq,mean = 14.35% averaged over 4
cycles
E.28.2 Loading data
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Figure E.86 – Hysteresis curves for specimen C7CA2_4
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Appendix E. Data from tube to plate tests
−2
−1
0
1
2
θ
(D
eg
)
0 500 1000 1500 2000 2500 3000 3500 4000
load sequence (acquisition point)
−20
−10
0
10
20
δ(
m
m
)
Figure E.87 – Load sequence for specimen C7CA2_4
E.28.3 DIC data
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Figure E.88 – DIC data for specimen C7CA2_4
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E.28. C7CA2_4
E.28.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.28.5 Notes
None
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E.29. C7CA2_5
E.29 C7CA2_5
E.29.1 Summary of key data
No key data available - invalid test
E.29.2 Loading data
No loading data available - invalid test
E.29.3 DIC data
No DIC data available - paint not of sufficient quality
E.29.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.29.5 Notes
By mistake after the first cycle two pure torsion tests were done. Only this did the proportional
loading resume. Invalid test.
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E.30. C7CA2_6
E.30 C7CA2_6
E.30.1 Summary of key data
• a (mm): 3.04
• ψ (Deg): 15.33
• δ (mm): ∓ 15.68
• θ (Deg): ∓ 1.77
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
3
• Number of cycles to failure (Nf ): 13
• ∆ε∗eq,mean = 14.52% averaged over 2
cycles
E.30.2 Loading data
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Figure E.89 – Hysteresis curves for specimen C7CA2_6
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Appendix E. Data from tube to plate tests
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Figure E.90 – Load sequence for specimen C7CA2_6
E.30.3 DIC data
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Figure E.91 – DIC data for specimen C7CA2_6
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E.30. C7CA2_6
E.30.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.30.5 Notes
None
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E.31. C7CA3_1
E.31 C7CA3_1
E.31.1 Summary of key data
• a (mm): 4.38
• ψ (Deg): 23.16
• δ (mm): ∓ 12.62
• θ (Deg): ∓ 1.41
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
5
• Number of cycles to failure (Nf ): 19
• ∆ε∗eq,mean = 10.01% averaged over 5
cycles
E.31.2 Loading data
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Figure E.92 – Hysteresis curves for specimen C7CA3_1
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Appendix E. Data from tube to plate tests
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Figure E.93 – Load sequence for specimen C7CA3_1
E.31.3 DIC data
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Figure E.94 – DIC data for specimen C7CA3_1
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E.31. C7CA3_1
E.31.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.31.5 Notes
None
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E.32. C7CA3_2
E.32 C7CA3_2
E.32.1 Summary of key data
• a (mm): 4.37
• ψ (Deg): 22.59
• δ (mm): ∓ 10.75
• θ (Deg): ∓ 1.20
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
11
• Number of cycles to failure (Nf ): 74
• ∆ε∗eq,mean = 5.33% averaged over 10
cycles
E.32.2 Loading data
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Figure E.95 – Hysteresis curves for specimen C7CA3_2
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Appendix E. Data from tube to plate tests
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Figure E.96 – Load sequence for specimen C7CA3_2
E.32.3 DIC data
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Figure E.97 – DIC data for specimen C7CA3_2
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E.32. C7CA3_2
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Figure E.98 – FEM comparison of hysteresis curves for specimen C7CA3_2- Force-
displacement
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Figure E.99 – FEM comparison of hysteresis curves for specimen C7CA3_2- Torque-rotation
E.32.4 FEM comparison
E.32.5 Notes
None
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Appendix E. Data from tube to plate tests
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Figure E.100 – Comparison of DIC measurements and FEM results for specimen C7CA3_2-
time history of point at the weld toe
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E.33. D7CA1_1
E.33 D7CA1_1
E.33.1 Summary of key data
No key data available - invalid test
E.33.2 Loading data
No loading data available - invalid test
E.33.3 DIC data
No DIC data available - paint not of sufficient quality
E.33.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.33.5 Notes
Inclinometer unglued from base plate
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E.34. D7CA1_2
E.34 D7CA1_2
E.34.1 Summary of key data
• a (mm): 4.15
• ψ (Deg): 22.75
• δ (mm): ∓ 15.93
• θ (Deg): ∓ 2.79
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 6
• ∆ε∗eq,mean = 28.55% averaged over 3
cycles
E.34.2 Loading data
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Figure E.101 – Hysteresis curves for specimen D7CA1_2
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Appendix E. Data from tube to plate tests
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Figure E.102 – Load sequence for specimen D7CA1_2
E.34.3 DIC data
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Figure E.103 – DIC data for specimen D7CA1_2
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E.34. D7CA1_2
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Figure E.104 – FEM comparison of hysteresis curves for specimen D7CA1_2- Force-
displacement
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Figure E.105 – FEM comparison of hysteresis curves for specimen D7CA1_2- Torque-rotation
E.34.4 FEM comparison
E.34.5 Notes
None
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Appendix E. Data from tube to plate tests
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Figure E.106 – Comparison of DIC measurements and FEM results for specimen D7CA1_2-
time history of point at the weld toe
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E.35. D7CA1_3
E.35 D7CA1_3
E.35.1 Summary of key data
No key data available - invalid test
E.35.2 Loading data
No loading data available - invalid test
E.35.3 DIC data
No DIC data available - paint not of sufficient quality
E.35.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.35.5 Notes
Inclinometer unglued from base plate
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E.36. D7CA1_4
E.36 D7CA1_4
E.36.1 Summary of key data
• a (mm): 3.54
• ψ (Deg): 18.1
• δ (mm): ∓ 15.99
• θ (Deg): ∓ 2.78
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 6
• ∆ε∗eq,mean = 20.91% averaged over 2
cycles
E.36.2 Loading data
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Figure E.107 – Hysteresis curves for specimen D7CA1_4
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Appendix E. Data from tube to plate tests
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Figure E.108 – Load sequence for specimen D7CA1_4
E.36.3 DIC data
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Figure E.109 – DIC data for specimen D7CA1_4
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E.36. D7CA1_4
E.36.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.36.5 Notes
None
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E.37. D7CA1_5
E.37 D7CA1_5
E.37.1 Summary of key data
• a (mm): 4.91
• ψ (Deg): 23.45
• δ (mm): ∓ 15.90
• θ (Deg): ∓ 2.79
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 5
• ∆ε∗eq,mean = 22.46% averaged over 1
cycles
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Figure E.110 – Hysteresis curves for specimen D7CA1_5
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Appendix E. Data from tube to plate tests
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Figure E.111 – Load sequence for specimen D7CA1_5
E.37.3 DIC data
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Figure E.112 – DIC data for specimen D7CA1_5
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E.37. D7CA1_5
E.37.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.37.5 Notes
None
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E.38. D7CA2_1
E.38 D7CA2_1
E.38.1 Summary of key data
• a (mm): 4.22
• ψ (Deg): 24.72
• δ (mm): ∓ 11.73
• θ (Deg): ∓ 2.04
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 10
• ∆ε∗eq,mean = 21.32% averaged over 2
cycles
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Figure E.113 – Hysteresis curves for specimen D7CA2_1
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Appendix E. Data from tube to plate tests
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Figure E.114 – Load sequence for specimen D7CA2_1
E.38.3 DIC data
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Figure E.115 – DIC data for specimen D7CA2_1
398
E.38. D7CA2_1
E.38.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.38.5 Notes
None
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E.39. D7CA2_2
E.39 D7CA2_2
E.39.1 Summary of key data
• a (mm): 3.79
• ψ (Deg): 16.89
• δ (mm): ∓ 11.68
• θ (Deg): ∓ 2.01
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
6
• Number of cycles to failure (Nf ): 16
• ∆ε∗eq,mean = 9.69% averaged over 6 cy-
cles
E.39.2 Loading data
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Figure E.116 – Hysteresis curves for specimen D7CA2_2
401
Appendix E. Data from tube to plate tests
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Figure E.117 – Load sequence for specimen D7CA2_2
E.39.3 DIC data
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Figure E.118 – DIC data for specimen D7CA2_2
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E.39. D7CA2_2
E.39.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.39.5 Notes
None
403

E.40. D7CA2_3
E.40 D7CA2_3
E.40.1 Summary of key data
• a (mm): 4.11
• ψ (Deg): 19.18
• δ (mm): ∓ 11.73
• θ (Deg): ∓ 2.01
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
3
• Number of cycles to failure (Nf ): 19
• ∆ε∗eq,mean = 11.40% averaged over 6
cycles
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Figure E.119 – Hysteresis curves for specimen D7CA2_3
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Appendix E. Data from tube to plate tests
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Figure E.120 – Load sequence for specimen D7CA2_3
E.40.3 DIC data
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Figure E.121 – DIC data for specimen D7CA2_3
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E.40. D7CA2_3
E.40.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.40.5 Notes
None
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E.41. D7CA2_4
E.41 D7CA2_4
E.41.1 Summary of key data
• a (mm): 3.4
• ψ (Deg): 18.19
• δ (mm): ∓ 11.77
• θ (Deg): ∓ 2.01
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
1
• Number of cycles to failure (Nf ): 17
• ∆ε∗eq,mean = 11.08% averaged over 4
cycles
E.41.2 Loading data
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Figure E.122 – Hysteresis curves for specimen D7CA2_4
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Appendix E. Data from tube to plate tests
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Figure E.123 – Load sequence for specimen D7CA2_4
E.41.3 DIC data
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Figure E.124 – DIC data for specimen D7CA2_4
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E.41. D7CA2_4
E.41.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.41.5 Notes
None
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E.42. D7CA3_1
E.42 D7CA3_1
E.42.1 Summary of key data
• a (mm): 3.94
• ψ (Deg): 19.11
• δ (mm): ∓ 13.12
• θ (Deg): ∓ 2.28
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
3
• Number of cycles to failure (Nf ): 9
• ∆ε∗eq,mean = 20.90% averaged over 2
cycles
E.42.2 Loading data
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Figure E.125 – Hysteresis curves for specimen D7CA3_1
413
Appendix E. Data from tube to plate tests
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Figure E.126 – Load sequence for specimen D7CA3_1
E.42.3 DIC data
−10
0
10
ε x
x
(%
)
−10
0
10
ε y
y
(%
)
−10
0
10
ε x
y
(%
)
0 100 200 300 400 500 600 700 800
Picture number
−10
0
10
ε∗ e
q
(%
)
Figure E.127 – DIC data for specimen D7CA3_1
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E.42. D7CA3_1
E.42.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.42.5 Notes
None
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E.43. E7CA1_1
E.43 E7CA1_1
E.43.1 Summary of key data
No key data available - invalid test
E.43.2 Loading data
No loading data available - invalid test
E.43.3 DIC data
No DIC data available - paint not of sufficient quality
E.43.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.43.5 Notes
Problem with jacks. Couldn’t handle the load path.
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E.44. E7CA1_2
E.44 E7CA1_2
E.44.1 Summary of key data
• a (mm): 3.97
• ψ (Deg): 20.45
• δ (mm): ∓ 18.48
• θ (Deg): ∓ 2.02
• Loading frequency: 60s per segment
• Loading ramp: Not applicable
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 4
• ∆ε∗eq,mean = 20.67% averaged over 2
cycles
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Figure E.128 – Hysteresis curves for specimen E7CA1_2
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Appendix E. Data from tube to plate tests
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Figure E.129 – Load sequence for specimen E7CA1_2
E.44.3 DIC data
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Figure E.130 – DIC data for specimen E7CA1_2
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E.44. E7CA1_2
E.44.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.44.5 Notes
None
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E.45. E7CA1_3
E.45 E7CA1_3
E.45.1 Summary of key data
• a (mm): 4.02
• ψ (Deg): 21.4
• δ (mm): ∓ 18.53
• θ (Deg): ∓ 2.02
• Loading frequency: 60s per segment
• Loading ramp: Not applicable
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 4
• ∆ε∗eq,mean = 15.18% averaged over 2
cycles
E.45.2 Loading data
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Figure E.131 – Hysteresis curves for specimen E7CA1_3
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Appendix E. Data from tube to plate tests
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Figure E.132 – Load sequence for specimen E7CA1_3
E.45.3 DIC data
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Figure E.133 – DIC data for specimen E7CA1_3
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E.45. E7CA1_3
E.45.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.45.5 Notes
None
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E.46. E7CA1_4
E.46 E7CA1_4
E.46.1 Summary of key data
• a (mm): 3.66
• ψ (Deg): 18.94
• δ (mm): ∓ 18.55
• θ (Deg): ∓ 2.02
• Loading frequency: 60s per segment
• Loading ramp: Not applicable
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
7
• Number of cycles to failure (Nf ): 7
• ∆ε∗eq,mean = 10.66% averaged over 4
cycles
E.46.2 Loading data
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Figure E.134 – Hysteresis curves for specimen E7CA1_4
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Appendix E. Data from tube to plate tests
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Figure E.135 – Load sequence for specimen E7CA1_4
E.46.3 DIC data
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Figure E.136 – DIC data for specimen E7CA1_4
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E.46. E7CA1_4
E.46.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.46.5 Notes
None
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E.47. E7CA1_5
E.47 E7CA1_5
E.47.1 Summary of key data
• a (mm): 4.04
• ψ (Deg): 20.45
• δ (mm): ∓ 18.51
• θ (Deg): ∓ 2.03
• Loading frequency: 60s per segment
• Loading ramp: Not applicable
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
3
• Number of cycles to failure (Nf ): 5
• ∆ε∗eq,mean = 17.91% averaged over 2
cycles
E.47.2 Loading data
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Figure E.137 – Hysteresis curves for specimen E7CA1_5
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Appendix E. Data from tube to plate tests
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Figure E.138 – Load sequence for specimen E7CA1_5
E.47.3 DIC data
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Figure E.139 – DIC data for specimen E7CA1_5
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E.47. E7CA1_5
E.47.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.47.5 Notes
None
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E.48. E7CA2_1
E.48 E7CA2_1
E.48.1 Summary of key data
• a (mm): 3.08
• ψ (Deg): 18.22
• δ (mm): ∓ 16.31
• θ (Deg): ∓ 1.77
• Loading frequency: 60s per segment
• Loading ramp: Not applicable
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 9
• ∆ε∗eq,mean = 12.56% averaged over 4
cycles
E.48.2 Loading data
−20 −10 0 10 20
δ (mm)
−150
−100
−50
0
50
100
150
T
o
ta
l
sh
ea
r
fo
rc
e
(k
N
)
−2 −1 0 1 2
θ (Deg)
−60
−40
−20
0
20
40
60
T
o
rq
u
e
(k
N
.m
)
Figure E.140 – Hysteresis curves for specimen E7CA2_1
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Appendix E. Data from tube to plate tests
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Figure E.141 – Load sequence for specimen E7CA2_1
E.48.3 DIC data
−10
0
10
ε x
x
(%
)
−10
0
10
ε y
y
(%
)
−10
0
10
ε x
y
(%
)
0 200 400 600 800 1000
Picture number
−10
0
10
ε∗ e
q
(%
)
Figure E.142 – DIC data for specimen E7CA2_1
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E.48. E7CA2_1
E.48.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.48.5 Notes
None
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E.49. E7CA2_2
E.49 E7CA2_2
E.49.1 Summary of key data
• a (mm): 4.66
• ψ (Deg): 23.78
• δ (mm): ∓ 16.30
• θ (Deg): ∓ 1.78
• Loading frequency: 60s per segment
• Loading ramp: Not applicable
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Not of sufficient
quality
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 9
E.49.2 Loading data
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Figure E.143 – Hysteresis curves for specimen E7CA2_2
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Appendix E. Data from tube to plate tests
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Figure E.144 – Load sequence for specimen E7CA2_2
E.49.3 DIC data
No DIC data available - paint not of sufficient quality
E.49.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.49.5 Notes
None
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E.50. E7CA2_3
E.50 E7CA2_3
E.50.1 Summary of key data
• a (mm): 4.82
• ψ (Deg): 15.12
• δ (mm): ∓ 16.26
• θ (Deg): ∓ 1.78
• Loading frequency: 60s per segment
• Loading ramp: Not applicable
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 9
• ∆ε∗eq,mean = 12.96% averaged over 2
cycles
E.50.2 Loading data
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Figure E.145 – Hysteresis curves for specimen E7CA2_3
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Appendix E. Data from tube to plate tests
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Figure E.146 – Load sequence for specimen E7CA2_3
E.50.3 DIC data
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Figure E.147 – DIC data for specimen E7CA2_3
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E.50. E7CA2_3
E.50.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.50.5 Notes
None
443

E.51. E7CA2_4
E.51 E7CA2_4
E.51.1 Summary of key data
• a (mm): 3.37
• ψ (Deg): 19.88
• δ (mm): ∓ 16.27
• θ (Deg): ∓ 1.79
• Loading frequency: 60s per segment
• Loading ramp: Not applicable
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ): 6
• ∆ε∗eq,mean = 14.75% averaged over 2
cycles
E.51.2 Loading data
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Figure E.148 – Hysteresis curves for specimen E7CA2_4
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Appendix E. Data from tube to plate tests
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Figure E.149 – Load sequence for specimen E7CA2_4
E.51.3 DIC data
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Figure E.150 – DIC data for specimen E7CA2_4
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E.51. E7CA2_4
E.51.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.51.5 Notes
None
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E.52. F7CA1_1
E.52 F7CA1_1
E.52.1 Summary of key data
• a (mm): 3.58
• ψ (Deg): 19.87
• δ (mm): ∓ 7.20
• θ (Deg): ∓ 2.41
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
9
• Number of cycles to failure (Nf ): 18
• ∆ε∗eq,mean = 8.80% averaged over 9 cy-
cles
E.52.2 Loading data
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Figure E.151 – Hysteresis curves for specimen F7CA1_1
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Appendix E. Data from tube to plate tests
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Figure E.152 – Load sequence for specimen F7CA1_1
E.52.3 DIC data
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Figure E.153 – DIC data for specimen F7CA1_1
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E.52. F7CA1_1
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Figure E.154 – FEM comparison of hysteresis curves for specimen F7CA1_1- Force-
displacement
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Figure E.155 – FEM comparison of hysteresis curves for specimen F7CA1_1- Torque-rotation
E.52.4 FEM comparison
E.52.5 Notes
None
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Appendix E. Data from tube to plate tests
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Figure E.156 – Comparison of DIC measurements and FEM results for specimen F7CA1_1-
time history of point at the weld toe
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E.53. F7CA1_2
E.53 F7CA1_2
E.53.1 Summary of key data
• a (mm): 3.82
• ψ (Deg): 21.98
• δ (mm): ∓ 6.89
• θ (Deg): ∓ 2.31
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
6
• Number of cycles to failure (Nf ): 25
• ∆ε∗eq,mean = 9.53% averaged over 6 cy-
cles
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Figure E.157 – Hysteresis curves for specimen F7CA1_2
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Appendix E. Data from tube to plate tests
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Figure E.158 – Load sequence for specimen F7CA1_2
E.53.3 DIC data
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Figure E.159 – DIC data for specimen F7CA1_2
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E.53. F7CA1_2
E.53.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.53.5 Notes
None
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E.54. F7CA2_1
E.54 F7CA2_1
E.54.1 Summary of key data
• a (mm): 4.23
• ψ (Deg): 21.18
• δ (mm): ∓ 4.87
• θ (Deg): ∓ 1.65
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
4
• Number of cycles to failure (Nf ): 66
• ∆ε∗eq,mean = 6.27% averaged over 4 cy-
cles
E.54.2 Loading data
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Figure E.160 – Hysteresis curves for specimen F7CA2_1
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Appendix E. Data from tube to plate tests
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Figure E.161 – Load sequence for specimen F7CA2_1
E.54.3 DIC data
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Figure E.162 – DIC data for specimen F7CA2_1
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E.54. F7CA2_1
E.54.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.54.5 Notes
None
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E.55. F7CA2_2
E.55 F7CA2_2
E.55.1 Summary of key data
• a (mm): 4.5
• ψ (Deg): 22.18
• δ (mm): ∓ 5.34
• θ (Deg): ∓ 1.80
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
15
• Number of cycles to failure (Nf ): 24
• ∆ε∗eq,mean = 5.86% averaged over 12
cycles
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Figure E.163 – Hysteresis curves for specimen F7CA2_2
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Appendix E. Data from tube to plate tests
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Figure E.164 – Load sequence for specimen F7CA2_2
E.55.3 DIC data
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Figure E.165 – DIC data for specimen F7CA2_2
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E.55. F7CA2_2
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Figure E.166 – FEM comparison of hysteresis curves for specimen F7CA2_2- Force-
displacement
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Figure E.167 – FEM comparison of hysteresis curves for specimen F7CA2_2- Torque-rotation
E.55.4 FEM comparison
E.55.5 Notes
None
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Appendix E. Data from tube to plate tests
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Figure E.168 – Comparison of DIC measurements and FEM results for specimen F7CA2_2-
time history of point at the weld toe
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E.56. F7CA2_3
E.56 F7CA2_3
E.56.1 Summary of key data
• a (mm): 4.2
• ψ (Deg): 24.18
• δ (mm): ∓ 4.87
• θ (Deg): ∓ 1.65
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
7
• Number of cycles to failure (Nf ): 25
• ∆ε∗eq,mean = 5.87% averaged over 6 cy-
cles
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Figure E.169 – Hysteresis curves for specimen F7CA2_3
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Appendix E. Data from tube to plate tests
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Figure E.170 – Load sequence for specimen F7CA2_3
E.56.3 DIC data
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Figure E.171 – DIC data for specimen F7CA2_3
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E.56. F7CA2_3
E.56.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.56.5 Notes
None
467

E.57. B5CA1_1
E.57 B5CA1_1
E.57.1 Summary of key data
• a (mm): 2.93
• ψ (Deg): 19.17
• δ (mm): ∓ 9.29
• θ (Deg): ∓ 0.00
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
78
• Number of cycles to failure (Nf ): 78
• ∆ε∗eq,mean = 6.83% averaged over 14
cycles
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Figure E.172 – Hysteresis curves for specimen B5CA1_1
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Appendix E. Data from tube to plate tests
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Figure E.173 – Load sequence for specimen B5CA1_1
E.57.3 DIC data
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Figure E.174 – DIC data for specimen B5CA1_1
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E.57. B5CA1_1
E.57.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.57.5 Notes
None
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E.58. B5CA2_1
E.58 B5CA2_1
E.58.1 Summary of key data
• a (mm): 3.33
• ψ (Deg): 25.89
• δ (mm): ∓ 10.30
• θ (Deg): ∓ 0.00
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
44
• Number of cycles to failure (Nf ): 44
• ∆ε∗eq,mean = 7.32% averaged over 29
cycles
E.58.2 Loading data
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Figure E.175 – Hysteresis curves for specimen B5CA2_1
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Appendix E. Data from tube to plate tests
−4
−2
0
2
4
θ
(D
eg
)
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
load sequence (acquisition point)
−15
−10
−5
0
5
10
15
δ(
m
m
)
Figure E.176 – Load sequence for specimen B5CA2_1
E.58.3 DIC data
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Figure E.177 – DIC data for specimen B5CA2_1
474
E.58. B5CA2_1
E.58.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.58.5 Notes
None
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E.59. B5CA3_1
E.59 B5CA3_1
E.59.1 Summary of key data
• a (mm): 2.77
• ψ (Deg): 22.07
• δ (mm): ∓ 15.36
• θ (Deg): ∓ 0.00
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
5
• Number of cycles to failure (Nf ): 18
• ∆ε∗eq,mean = 15.61% averaged over 5
cycles
E.59.2 Loading data
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Figure E.178 – Hysteresis curves for specimen B5CA3_1
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Appendix E. Data from tube to plate tests
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Figure E.179 – Load sequence for specimen B5CA3_1
E.59.3 DIC data
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Figure E.180 – DIC data for specimen B5CA3_1
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E.59. B5CA3_1
E.59.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.59.5 Notes
None
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E.60. A5CA1_1
E.60 A5CA1_1
E.60.1 Summary of key data
• a (mm): 2.65
• ψ (Deg): 20.75
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 5.08
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
49
• Number of cycles to failure (Nf ): 178
• ∆ε∗eq,mean = 4.97% averaged over 20
cycles
E.60.2 Loading data
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Figure E.181 – Hysteresis curves for specimen A5CA1_1
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Appendix E. Data from tube to plate tests
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Figure E.182 – Load sequence for specimen A5CA1_1
E.60.3 DIC data
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Figure E.183 – DIC data for specimen A5CA1_1
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E.60. A5CA1_1
E.60.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.60.5 Notes
None
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E.61. A5CA2_1
E.61 A5CA2_1
E.61.1 Summary of key data
• a (mm): 2.99
• ψ (Deg): 23.64
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 12.03
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
1
• Number of cycles to failure (Nf ): 25
• ∆ε∗eq,mean = 13.04% averaged over 13
cycles
E.61.2 Loading data
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Figure E.184 – Hysteresis curves for specimen A5CA2_1
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Appendix E. Data from tube to plate tests
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Figure E.185 – Load sequence for specimen A5CA2_1
E.61.3 DIC data
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Figure E.186 – DIC data for specimen A5CA2_1
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E.61. A5CA2_1
E.61.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.61.5 Notes
None
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E.62. A5CA2_2
E.62 A5CA2_2
E.62.1 Summary of key data
• a (mm): 3.47
• ψ (Deg): 25.39
• δ (mm): ∓ 0.00
• θ (Deg): ∓ 12.03
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
15
• Number of cycles to failure (Nf ): 24
• ∆ε∗eq,mean = 13.67% averaged over 12
cycles
E.62.2 Loading data
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Figure E.187 – Hysteresis curves for specimen A5CA2_2
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Appendix E. Data from tube to plate tests
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Figure E.188 – Load sequence for specimen A5CA2_2
E.62.3 DIC data
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Figure E.189 – DIC data for specimen A5CA2_2
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E.62. A5CA2_2
E.62.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.62.5 Notes
None
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E.63. A7VA1_1
E.63 A7VA1_1
E.63.1 Summary of key data
• a (mm): 3.92
• ψ (Deg): 17.08
• δ (mm): ∓ 0/0
• θ (Deg): ∓ 2.78/2.23
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
15
• Number of cycles to failure (Nf ):
8+7=15
• ∆ε∗eq,mean = 14.91/9.41% averaged over
3+3 cycles
E.63.2 Loading data
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Figure E.190 – Hysteresis curves for specimen A7VA1_1
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Appendix E. Data from tube to plate tests
−4
−3
−2
−1
0
1
2
3
4
θ
(D
eg
)
0 500 1000 1500 2000 2500 3000 3500 4000
load sequence (acquisition point)
−20
−10
0
10
20
δ(
m
m
)
Figure E.191 – Load sequence for specimen A7VA1_1
E.63.3 DIC data
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Figure E.192 – DIC data for specimen A7VA1_1
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E.63. A7VA1_1
E.63.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.63.5 Notes
None
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E.64. A7VA1_2
E.64 A7VA1_2
E.64.1 Summary of key data
• a (mm): 3.11
• ψ (Deg): 14.62
• δ (mm): ∓ 0/0
• θ (Deg): ∓ 2.78/2.03
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
12
• Number of cycles to failure (Nf ):
6+6=12
• ∆ε∗eq,mean = 12.18/5.98% averaged over
3+3 cycles
E.64.2 Loading data
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Figure E.193 – Hysteresis curves for specimen A7VA1_2
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Appendix E. Data from tube to plate tests
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Figure E.194 – Load sequence for specimen A7VA1_2
E.64.3 DIC data
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Figure E.195 – DIC data for specimen A7VA1_2
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E.64. A7VA1_2
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Figure E.196 – FEM comparison of hysteresis curves for specimen A7VA1_2- Force-
displacement
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Figure E.197 – FEM comparison of hysteresis curves for specimen A7VA1_2- Torque-rotation
E.64.4 FEM comparison
E.64.5 Notes
None
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Appendix E. Data from tube to plate tests
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Figure E.198 – Comparison of DIC measurements and FEM results for specimen A7VA1_2-
time history of point at the weld toe
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E.65. A7VA1_3
E.65 A7VA1_3
E.65.1 Summary of key data
• a (mm): 3.91
• ψ (Deg): 18.94
• δ (mm): ∓ 0/0
• θ (Deg): ∓ 2.74/2.03
• Loading frequency: varied
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate,Thermography"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
19
• Number of cycles to failure (Nf ):
9+10=19
• ∆ε∗eq,mean = 14.62/8.49% averaged over
1+2 cycles
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Figure E.199 – Hysteresis curves for specimen A7VA1_3
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Appendix E. Data from tube to plate tests
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Figure E.200 – Load sequence for specimen A7VA1_3
E.65.3 DIC data
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Figure E.201 – DIC data for specimen A7VA1_3
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E.65. A7VA1_3
E.65.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.65.5 Notes
None
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E.66. A7VA2_1
E.66 A7VA2_1
E.66.1 Summary of key data
• a (mm): 2.87
• ψ (Deg): 18.54
• δ (mm): ∓ 0/0
• θ (Deg): ∓ 2.78/2.03
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate,Thermography"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
16
• Number of cycles to failure (Nf ):
9+8=17
• ∆ε∗eq,mean = 8.51/4.32% averaged over
3+3 cycles
E.66.2 Loading data
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Figure E.202 – Hysteresis curves for specimen A7VA2_1
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Appendix E. Data from tube to plate tests
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Figure E.203 – Load sequence for specimen A7VA2_1
E.66.3 DIC data
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Figure E.204 – DIC data for specimen A7VA2_1
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E.66. A7VA2_1
E.66.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.66.5 Notes
None
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E.67. A7VA2_2
E.67 A7VA2_2
E.67.1 Summary of key data
• a (mm): 3.55
• ψ (Deg): 14.82
• δ (mm): ∓ 0/0
• θ (Deg): ∓ 2.78/2.02
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate,Thermography"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
12
• Number of cycles to failure (Nf ):
6+8=14
• ∆ε∗eq,mean = 15.71/8.12% averaged over
4+6 cycles
E.67.2 Loading data
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Figure E.205 – Hysteresis curves for specimen A7VA2_2
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Appendix E. Data from tube to plate tests
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Figure E.206 – Load sequence for specimen A7VA2_2
E.67.3 DIC data
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Figure E.207 – DIC data for specimen A7VA2_2
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E.67. A7VA2_2
E.67.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.67.5 Notes
None
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E.68. A7VA2_3
E.68 A7VA2_3
E.68.1 Summary of key data
• a (mm): 4.29
• ψ (Deg): 21.08
• δ (mm): ∓ 0/0
• θ (Deg): ∓ 2.78/2.03
• Loading frequency: 0.005 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate,Thermography"
• Performance of paint: Not of sufficient
quality
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
4
• Number of cycles to failure (Nf ):
6+5=11
E.68.2 Loading data
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Figure E.208 – Hysteresis curves for specimen A7VA2_3
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Appendix E. Data from tube to plate tests
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Figure E.209 – Load sequence for specimen A7VA2_3
E.68.3 DIC data
No DIC data available - paint not of sufficient quality
E.68.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.68.5 Notes
None
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E.69. B7VA1_1
E.69 B7VA1_1
E.69.1 Summary of key data
• a (mm): 4.12
• ψ (Deg): 22.58
• δ (mm): ∓ 16.45/14.68
• θ (Deg): ∓ 0/0
• Loading frequency: 0.03Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT,Thermography"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
34
• Number of cycles to failure (Nf ):
17+17=34
• ∆ε∗eq,mean = 7.08/5.06% averaged over
4+4 cycles
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Figure E.210 – Hysteresis curves for specimen B7VA1_1
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Appendix E. Data from tube to plate tests
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Figure E.211 – Load sequence for specimen B7VA1_1
E.69.3 DIC data
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Figure E.212 – DIC data for specimen B7VA1_1
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E.69. B7VA1_1
E.69.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.69.5 Notes
None
517

E.70. B7VA1_2
E.70 B7VA1_2
E.70.1 Summary of key data
• a (mm): 4.5
• ψ (Deg): 21.45
• δ (mm): ∓ 16.4/14.74
• θ (Deg): ∓ 0/0
• Loading frequency: 0.03Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT,Thermography"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
4
• Number of cycles to failure (Nf ):
9+9=18
• ∆ε∗eq,mean = 14.75/10.6% averaged over
3+3 cycles
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Figure E.213 – Hysteresis curves for specimen B7VA1_2
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Appendix E. Data from tube to plate tests
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Figure E.214 – Load sequence for specimen B7VA1_2
E.70.3 DIC data
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Figure E.215 – DIC data for specimen B7VA1_2
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E.70. B7VA1_2
E.70.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.70.5 Notes
None
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E.71. B7VA1_3
E.71 B7VA1_3
E.71.1 Summary of key data
• a (mm): 4.91
• ψ (Deg): 23.88
• δ (mm): ∓ 16.54/14.7
• θ (Deg): ∓ 0/0
• Loading frequency: 0.03Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT,Thermography"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
6
• Number of cycles to failure (Nf ):
10+11=21
• ∆ε∗eq,mean = 11.24/7.97% averaged over
3+3 cycles
E.71.2 Loading data
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Figure E.216 – Hysteresis curves for specimen B7VA1_3
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Appendix E. Data from tube to plate tests
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Figure E.217 – Load sequence for specimen B7VA1_3
E.71.3 DIC data
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Figure E.218 – DIC data for specimen B7VA1_3
524
E.71. B7VA1_3
E.71.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.71.5 Notes
None
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E.72. B7VA2_1
E.72 B7VA2_1
E.72.1 Summary of key data
• a (mm): 4.14
• ψ (Deg): 22.19
• δ (mm): ∓ 16.48/14.69
• θ (Deg): ∓ 0/0
• Loading frequency: 0.03Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT,Thermography"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
9
• Number of cycles to failure (Nf ):
9+9=18
• ∆ε∗eq,mean = 13.1/9.65% averaged over
4+6 cycles
E.72.2 Loading data
−20 −10 0 10 20
δ (mm)
−150
−100
−50
0
50
100
150
F
o
rc
e
in
b
en
d
in
g
ja
ck
(k
N
)
−4 −3 −2 −1 0 1 2 3 4
θ (Deg)
−80
−60
−40
−20
0
20
40
60
80
T
o
rq
u
e
(k
N
.m
)
Figure E.219 – Hysteresis curves for specimen B7VA2_1
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Appendix E. Data from tube to plate tests
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Figure E.220 – Load sequence for specimen B7VA2_1
E.72.3 DIC data
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Figure E.221 – DIC data for specimen B7VA2_1
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E.72. B7VA2_1
E.72.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.72.5 Notes
None
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E.73. B7VA2_2
E.73 B7VA2_2
E.73.1 Summary of key data
• a (mm): 3.76
• ψ (Deg): 20.3
• δ (mm): ∓ 16.4/14.52
• θ (Deg): ∓ 0/0
• Loading frequency: 0.03Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Not of sufficient
quality
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
12
• Number of cycles to failure (Nf ):
11+12=23
• ∆ε∗eq,mean = 7.77/6.09% averaged over
4+6 cycles
E.73.2 Loading data
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Figure E.222 – Hysteresis curves for specimen B7VA2_2
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Appendix E. Data from tube to plate tests
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Figure E.223 – Load sequence for specimen B7VA2_2
E.73.3 DIC data
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Figure E.224 – DIC data for specimen B7VA2_2
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E.73. B7VA2_2
E.73.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.73.5 Notes
None
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E.74. B7VA2_3
E.74 B7VA2_3
E.74.1 Summary of key data
• a (mm): 3.53
• ψ (Deg): 16.3
• δ (mm): ∓ -
• θ (Deg): ∓ -
• Loading frequency: 0.03Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT"
• Performance of paint: Not of sufficient
quality
• Failure in DIC zone: -
• Number of cycles to first crack (Ninit):
-
• Number of cycles to failure (Nf ): -
E.74.2 Loading data
No loading data available - invalid test
E.74.3 DIC data
No DIC data available - paint not of sufficient quality
E.74.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.74.5 Notes
Problem in saving data
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E.75. C7VA1_1
E.75 C7VA1_1
E.75.1 Summary of key data
No key data available - invalid test
E.75.2 Loading data
No loading data available - invalid test
E.75.3 DIC data
No DIC data available - paint not of sufficient quality
E.75.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.75.5 Notes
Inclinometer unglued from base plate
537

E.76. C7VA1_2
E.76 C7VA1_2
E.76.1 Summary of key data
• a (mm): 4.86
• ψ (Deg): 21.16
• δ (mm): ∓ 17.92/15.91
• θ (Deg): ∓ 2.03/1.77
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
1
• Number of cycles to failure (Nf ):
4+4=8
• ∆ε∗eq,mean = 22.72/16.64% averaged
over 1+1 cycles
E.76.2 Loading data
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Figure E.225 – Hysteresis curves for specimen C7VA1_2
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Appendix E. Data from tube to plate tests
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Figure E.226 – Load sequence for specimen C7VA1_2
E.76.3 DIC data
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Figure E.227 – DIC data for specimen C7VA1_2
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E.76. C7VA1_2
E.76.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.76.5 Notes
None
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E.77. C7VA1_3
E.77 C7VA1_3
E.77.1 Summary of key data
• a (mm): 4.56
• ψ (Deg): 22.01
• δ (mm): ∓ 18.02/15.64
• θ (Deg): ∓ 2.02/1.78
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Not of sufficient
quality
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
1
• Number of cycles to failure (Nf ):
4+4=8
E.77.2 Loading data
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Figure E.228 – Hysteresis curves for specimen C7VA1_3
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Appendix E. Data from tube to plate tests
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Figure E.229 – Load sequence for specimen C7VA1_3
E.77.3 DIC data
No DIC data available - paint not of sufficient quality
E.77.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.77.5 Notes
None
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E.78. C7VA1_4
E.78 C7VA1_4
E.78.1 Summary of key data
• a (mm): 3.95
• ψ (Deg): 23.11
• δ (mm): ∓ 18.1/15.68
• θ (Deg): ∓ 2.02/1.78
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ):
7+6=13
• ∆ε∗eq,mean = 17.33/13.36% averaged
over 2+2 cycles
E.78.2 Loading data
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Figure E.230 – Hysteresis curves for specimen C7VA1_4
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Appendix E. Data from tube to plate tests
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Figure E.231 – Load sequence for specimen C7VA1_4
E.78.3 DIC data
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Figure E.232 – DIC data for specimen C7VA1_4
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E.78. C7VA1_4
E.78.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.78.5 Notes
None
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E.79. C7VA2_1
E.79 C7VA2_1
E.79.1 Summary of key data
• a (mm): 2.68
• ψ (Deg): 15.66
• δ (mm): ∓ 18.08/15.72
• θ (Deg): ∓ 2.02/1.77
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
5
• Number of cycles to failure (Nf ):
5+6=11
• ∆ε∗eq,mean = 17.04/12.99% averaged
over 1+3 cycles
E.79.2 Loading data
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Figure E.233 – Hysteresis curves for specimen C7VA2_1
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Appendix E. Data from tube to plate tests
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Figure E.234 – Load sequence for specimen C7VA2_1
E.79.3 DIC data
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Figure E.235 – DIC data for specimen C7VA2_1
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E.79. C7VA2_1
E.79.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.79.5 Notes
None
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E.80. C7VA2_2
E.80 C7VA2_2
E.80.1 Summary of key data
• a (mm): 4.05
• ψ (Deg): 20.87
• δ (mm): ∓ 17.85/15.76
• θ (Deg): ∓ 2.03/1.78
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ):
3+5=8
• ∆ε∗eq,mean = 13.1/9.89% averaged over
2+3 cycles
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Figure E.236 – Hysteresis curves for specimen C7VA2_2
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Appendix E. Data from tube to plate tests
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Figure E.237 – Load sequence for specimen C7VA2_2
E.80.3 DIC data
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Figure E.238 – DIC data for specimen C7VA2_2
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E.80. C7VA2_2
E.80.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.80.5 Notes
None
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E.81. C7VA2_3
E.81 C7VA2_3
E.81.1 Summary of key data
• a (mm): 4.78
• ψ (Deg): 20.28
• δ (mm): ∓ 18.02/15.68
• θ (Deg): ∓ 2.03/1.78
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
3
• Number of cycles to failure (Nf ):
5+6=11
• ∆ε∗eq,mean = 21.73/15.29% averaged
over 1+4 cycles
E.81.2 Loading data
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Figure E.239 – Hysteresis curves for specimen C7VA2_3
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Appendix E. Data from tube to plate tests
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Figure E.240 – Load sequence for specimen C7VA2_3
E.81.3 DIC data
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Figure E.241 – DIC data for specimen C7VA2_3
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E.81. C7VA2_3
E.81.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.81.5 Notes
None
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E.82. D7VA1_1
E.82 D7VA1_1
E.82.1 Summary of key data
• a (mm): 4.25
• ψ (Deg): 20.66
• δ (mm): ∓ 16.04/11.67
• θ (Deg): ∓ 2.78/2.02
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
3
• Number of cycles to failure (Nf ):
3+3=6
• ∆ε∗eq,mean = 21.02/13.63% averaged
over 1+1 cycles
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Figure E.242 – Hysteresis curves for specimen D7VA1_1
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Appendix E. Data from tube to plate tests
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Figure E.243 – Load sequence for specimen D7VA1_1
E.82.3 DIC data
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Figure E.244 – DIC data for specimen D7VA1_1
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E.82. D7VA1_1
E.82.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.82.5 Notes
None
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E.83. D7VA1_2
E.83 D7VA1_2
E.83.1 Summary of key data
• a (mm): 3.91
• ψ (Deg): 22.19
• δ (mm): ∓ 16.09/11.54
• θ (Deg): ∓ 2.77/2.02
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ):
4+4=8
• ∆ε∗eq,mean = 22.12/12.71% averaged
over 1+1 cycles
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Figure E.245 – Hysteresis curves for specimen D7VA1_2
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Appendix E. Data from tube to plate tests
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Figure E.246 – Load sequence for specimen D7VA1_2
E.83.3 DIC data
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Figure E.247 – DIC data for specimen D7VA1_2
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E.83. D7VA1_2
E.83.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.83.5 Notes
None
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E.84. D7VA1_3
E.84 D7VA1_3
E.84.1 Summary of key data
• a (mm): 2.74
• ψ (Deg): 18.61
• δ (mm): ∓ 16.19/11.74
• θ (Deg): ∓ 2.78/2.02
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: Yes
• Number of cycles to first crack (Ninit):
2
• Number of cycles to failure (Nf ):
6+7=13
• ∆ε∗eq,mean = 16.44/10% averaged over
3+3 cycles
E.84.2 Loading data
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Figure E.248 – Hysteresis curves for specimen D7VA1_3
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Appendix E. Data from tube to plate tests
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Figure E.249 – Load sequence for specimen D7VA1_3
E.84.3 DIC data
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Figure E.250 – DIC data for specimen D7VA1_3
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E.84. D7VA1_3
E.84.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.84.5 Notes
None
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E.85. D7VA2_1
E.85 D7VA2_1
E.85.1 Summary of key data
• a (mm): 4.08
• ψ (Deg): 21.12
• δ (mm): ∓ 16.19/11.63
• θ (Deg): ∓ 2.77/2.02
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
4
• Number of cycles to failure (Nf ):
4+3=7
• ∆ε∗eq,mean = 17.21/9.21% averaged over
3+3 cycles
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Figure E.251 – Hysteresis curves for specimen D7VA2_1
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Appendix E. Data from tube to plate tests
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Figure E.252 – Load sequence for specimen D7VA2_1
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Figure E.253 – DIC data for specimen D7VA2_1
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E.85. D7VA2_1
E.85.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.85.5 Notes
None
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E.86. D7VA2_2
E.86 D7VA2_2
E.86.1 Summary of key data
• a (mm): 4.6
• ψ (Deg): 22.98
• δ (mm): ∓ 16.07/11.74
• θ (Deg): ∓ 2.78/2.02
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Not of sufficient
quality
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
3
• Number of cycles to failure (Nf ):
4+3=7
E.86.2 Loading data
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Figure E.254 – Hysteresis curves for specimen D7VA2_2
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Appendix E. Data from tube to plate tests
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Figure E.255 – Load sequence for specimen D7VA2_2
E.86.3 DIC data
No DIC data available - paint not of sufficient quality
E.86.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.86.5 Notes
None
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E.87. D7VA2_3
E.87 D7VA2_3
E.87.1 Summary of key data
• a (mm): 2.95
• ψ (Deg): 12.89
• δ (mm): ∓ 16.14/11.72
• θ (Deg): ∓ 2.78/2.02
• Loading frequency: 0.004 Hz
• Loading ramp: Triangular
• Measurement instruments: "DIC,
LVDT, inclinometer on tube and base
plate"
• Performance of paint: Ok
• Failure in DIC zone: No
• Number of cycles to first crack (Ninit):
4
• Number of cycles to failure (Nf ):
5+6=11
• ∆ε∗eq,mean = 19.23/10.58% averaged
over 2+3 cycles
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Figure E.256 – Hysteresis curves for specimen D7VA2_3
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Appendix E. Data from tube to plate tests
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Figure E.257 – Load sequence for specimen D7VA2_3
E.87.3 DIC data
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Figure E.258 – DIC data for specimen D7VA2_3
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E.87. D7VA2_3
E.87.4 FEM comparison
No FEM comparison data available - comparison not performed for this test
E.87.5 Notes
None
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Glossary
δSN
difference in displacement between current and undeformed position of Digital Image
Correlation (DIC) upper and lower sights in single notched specimens. At failure a
subscript f is added.. 131
hSN
difference between upper and lower DIC sights in single notched specimens. 132
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Acronyms
DIC
Digital Image Correlation. 585
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